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PREFACE

This final report of fiscal year 1972 on ILS scattering con-—

- tains the new work performed since the publicaticn of the February

1972 report, titled "The ILS Scattering Problem and Signal Detec-—
tion Modei”™. In order that this report be as seif-contained as
possible, most of the original work contained in the February 1972

report is reproduced here.

wWork performed since the February report is found in Appendix
& which contains the development of the Fresnel approximaticn for
ase in considering scattering fron tall structures; in Section 4§
where the closed-form solution for scattering fro= slanted rec-
tangular walls is derived and where an extension cf the electro-

magnetic scattering problem to non-perfectly conductin

\n
1]
s
;
Y

-

developed: and in Appendix E where the computer preogram is dis-

cussed.

Since publishing the Febkruary 1972 report, the model has

cz-
tion (CDI) using two different localizers. These resultis ==y b=
found in TSC Report No. DOT-TSC-FAA-72-15, titled “ILS Localizer
Performance Study; Dallas Fort Worth Regional Airport and Model
validation - Syracuse Hancock Airport.”

we gratefully acknowledge the help received from Mr. S. iam
and Mr. R. Silva who contributed their scientific talents to the
success of this research effort. we would also like to thank

¥r. D. Newsom for his excellent programming work on this project.
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1.0 iNTRODUCTION

a=3 macnetis f3elds at a2z observation point P inside 2 volume ¥ in
tarss of solicme intecrais oyer the charge and Current distribetions
insida ¥ anf surface intecralis of the eiectric and magnetic fielcds
cvar the suriaces ngins ¥. The surface 3ntegrals represent con-

tritmticns to the electromagnetic fizlds at P from rafiation

spurces iccatel cuiside of the volune ¥ and are identicaily zerc
These integral egguations aze then asplied fo the general
orobien of eiectr netic scattering. ef integration

- 3 —l - P = s . - - -
¥ is made mmitipiy-connected with &n intexicor and an extericr
. - P e = e L= -

booncary. IThe source of the Incident rafiation {e.g., an ILS

ntenza} is Iocated imside ¥, while the scatterer is anclosed by

the Interior boundary of V. aseczentiy, the charge and current
Sistributions which constitzte the source of the incident radiaticxn

tr
= N - - . - N s -
are the ozly rasiation somrees intericr to ¥. Under the assusption
B > 3 T = > - < = = - c
that tha pertorbaticns in the caorrent ang charge distriimtions of

~ & = s e - o »
the orirary source dus o the pressncs of the scatterer can be

neciected {A-prox. Xo. 1}, the integrai egqguations for the electric
ang magnetic fields at an interior int of ¥V are appliies. The

electromagnetic fields are represented as su=s of the incident
fields prodoced by the prizary scurce and the scattersZ fieids
precdoced Ty the induced currents and charges in the scatterer. It

i=ids at the

ntegrals of the

5 . 2 . < -
is shown that the scattered electric and =agnetic

"y

ol

ohservation point P can he represented 3s surface

!

scatteres fisldSs over the surface of the scattaver.,

7o cbtain approximate solunticns to these surfzce integral
egoations for the scattered fields at P, an iterative approach is
asopted. Specifically, from a xnowledge of the boundary conditiens

which oust he satisfies at the surface of the scatterer, approxim=ate
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functional relationships among the scattered Zields ané the known
incident fields are developed and then substituted into the surface
integral eguations. The integrals, which are now sxpressed in
tarms of the known incident f£i=21ds, are then evaluated to nroduce
aporoximate expressions for the scattered fields at the observation
zoint. The functicnai relationships a=ong the scattered and inci-
dent fields at the surface of the scatterer are extremeiv compli-
cated in the case of certain structures, for exa=ple, for hollow
dielectric buildings with variocus intermal structure, but very
si=ple in the case of perfeci conductors or buildings with metal
walils {or, %o a gocd approximation, metal rod xeinforced concrete
walls). Because of the difficulties of pursuing the analysis
further with ncn-metal structures and because typical airport
scattering objects are well approximated by perfect conductors, we
assu=e, except in Section IV, that the scattering objects are
perfect conductors {Approx. No. 2}.

Application of the boundary conditions for perfect conductors
vields a relationship between the scattered =magnetic field at the
cbservation point and the surface integral over the scatterer of
the tangential com=ponent of the total (incident plus scattered)
sagnetic field. To agproximate the total magnretic field on: the
surface of the conducting scatterer, we first exploy the principiles
of ray optics. Specifically, we assume as a first approximation
that the total magnetic field is zero on the side of the scatterer
not directiv illu=minated Sy the primary source (Approx. ¥o. 3).
This is a2 gsod approxim=aticn when diffraction effects =2y be con-
sidered as second order effects. Diffraction effects may safely
be considered second order when the wavelength of the incident
radiation is small compared with the di=ensions of ¢ scatterer.
This is the case for scattering fro= hangers; however, it is not
the case Sor scattering fro= aircraft where the localizer wave-
iength and fuselage radius are co=parable. 7To treat this case,
special care would have to be taken to check that diffraction re-
mains s=all; for, if it does not, Approximation Number 3 could not
be made and an alternate methed for relating incident and scattered
fields woulid be needed.
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Having assumed that the tangential component of the magnetic
field. is zero on the unilluminated portion of the scatterer, it is
next necessary to specify it on the illuminated side. This is
done by assuming plane wave reflection (Approx. No. 4). For dis-
tances generally encountered in the ILS problem, this approximation
is valid (unless the scatterer dimensions are comparable to “he
wavelergth, in which case, Approximations 3 and 4 will have to be
modified).

Since we are interested in the values of the scattered fields
in the far field of the scatterer (the approaching aircraft being
between the outer marker and the far end of the runway), the in-
tegral equations for the fields may be expanded asymptotically for
large values of the distance between scatterer and obsexrver (Approx.
No. 5); a similar far field approximation is made for tne antenna-
to-scatterer distance., Both the Fraunhufer ané Fresnel versions
of this approximation are used in this report.

The application of the above approximations in the analysis
leads to the final expressions shown in Section 2.4, APPROXIMATE
SOLUTIONS TC THE INTEGRAL EQUATIONS OF SCATTERING THEORY, Equations
(2.47) and (2.48) for the scattered electromagnetic field. These
differ from those usad by IBM but are basically the same as the
Ohio University expressions. The differences between the theory
presented here and IBM's are discussed in Sections 2.5 and 2.6,
LOCALIZER SIGNAL SCATTERING and COMPARISON WITH PREVIOUS WORK,
where the theory is carefully applied to localizer signal scatter-
ing by a rectangular wall. By means of this application of the
theory to scattering from a rectangular wall, it is shown our re-
sults reduce to Ohio's, if certain additional approximations re-
lating to reflections from the ground plane are made in our equa-
tions. The differences between our formulation of the scattering
problem and the IBM formulation are of a fundamental nature. The
practical consequences of these differences are shown in an ac-
companying graph in which the example used by IBM for scattering
from a vertical rectangular wall is used and the predicted DDM's
compared. The differences may often be significant. For very tall

E
g
2
=
b
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structures even larger diffevences would be found, as is demon-
strated in our Fresnel approximation development, found in
Appendix A.

In addition to the analysis of recte.agulAar wall scattering,
we present (Appendix B) the new scattering formula for vertical
triangles and show how to use these when the triangles are ele-
vated, as in the case of triangular roof structures and tail sec-
tions of aircraft. We also present (Section 4.4.) a closed-form
solution to the slanted ractangular wall (not previocusly obtained
in the IBM formulation), which should be useful for calculating
reflection from hangars with slanted roofs. New closed-form
solutions for docuble reflection between two vertical walls are

given in Appendix C.

In S2ction 3.0, MODELING OF ILS SIGNAL DETECTION, we go from
the scattering problem to the signal detection problem, in which
we try to understand how the DDM zust be defined in the presence
of multipath and develop & reasonable model of the ILS signal
detection system. The IBM and Ohio University expressions for DDM
are inadequate for strong multipath environments, since their ex-
pressions are strictly valid only for single carrier signals when
the relative phases of the received carrier and sidebands are the
same, We, therefore, present a unified model of ILS signal recep-
tion which includes the dephasiag of carrier and sideband signals,
Doppler effects, different receiving antenna gain patterns and
capture effect systems.

To do this, a general expression for the receiver input cur-~
rent is written which includes the polarization and gain vector of
the antenna (the gain vector for a small circular loop receiving
antenna is derived in Appendix D). This is used to help represent
the amplified signal, which appears at the output of the IF stage
of the receiver, in terms of the different transmitted modulation
waveforms and the gains and phase delays associated with the dif-
ferent radiation paths. This IF signal is then passed to a second
detector which generates an audio frequency signal which is passed
through a set of filters to obtain the relative 90 Hz and 150 Hz
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amplitudes, from which the course deviation indication (CDI) may
be determined.

Since the second detector (amplitude modulation detector) is
a nonlinear device, its output reflects intcractions between the
intended ILS signal and the spurious signals received due to multi-
pathing or due to transmission of a secondary carrier. 1In order
to estimate the relative passage of this ocutput through the selec-
tive 59 Hz and 150 Hz tone filters, Fourier analysis is used to
express the detected audio signral in terms of discrete freguency
components for which well defined transmissivities by each filter
are assumed. The interaction between the course and clearance sig-
nals in the general case of a duval carrier frequency system gives
rise to the much-utilized “capture effect". Advantage is taken of
the large separation between the ILS signal modulation freguencies
and the intercarrier beat (8kHz)} to find an approximate linear ex-
pression for the total detected audio signal in terms of indepand-
ent course and clearance audio signals.

Fral

The isclatad course and clearance s.nals have the character
of audio outputs from an AM detector generated by standard singie
carrier ILS signals, distorted by multipathing. For this single
carrier case, a simple relation is found for the principal com-
ponents of the detected audio signal lying within the passbands of
the modulation frequency filters. The analysis in this case is
valid in the approximation that the aggregate of interfering sig-
nals is somewhat weaker than the direct carrier signal - a reason-
able condition for any marginally flyable course.

Doppler modifications of detected signals arise as a conse-
quence of the variation of mulitipath phase delays which is implicit
with the motion of an airborne recesiver. In the approximation
stated immediately akove, each received component of multipath
interference may be characterized by the relative Doppler shift of
its carrier to the direct path carrier. Sum and difference com-
binations of mcdulation and Doppler frequencies can under certain
circumstances give net frequencies near the filter center fre-
quencies resulting in possible false signals being passed by the
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90 Hz or 150 Hz fiiters. With the aircraft approach speeds used
today, the Doppler may, for example, increase the 90 Hz signal to
the pcint where it passes tnrough the 150 Hz filter, or it may u-—

rease the 150 Hz to the extent that it is excluded from the 150 Hz
fiiter. These possibiiities are investigated by studying the fre-
quency response of a narrowband modulatiorn filter and calculating
all significant contributions in each filter output. Thus, values
are obtained for the two detected modulation amplitudes from which
the apparent DDM and CDI are conventicnally determined. As a
practical matter, it appears that the Doppler contributions to sig-
nal derogatiocn cannot be neglected for aircraft speseds in the vicin-
ity of 200 feet/sec. and filter bandwidths around 1% cps.

Thus the new model is capable of calculating the detected audio
frequency sigral, including Doppler and capture eifects, in the
presence of any moderately strong multipath interference. It may
therefore be applied to determination of the apparent CCI for any
conventional loc2lizer or glide sigpe system.

In Section 4.CG we present a fcrmulation of the electromagnetic
scattering problem for imperfectly conducting thin f£izat slabs as a
possible extensioa Of the theory presented in Section 2.0 for use
in situations where the electromagnetic waves are incident upon
non-metallic struc*ures at large angles of incidence.

Finally, in Appe.dix E, the computer program itself is
discussed.
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2.0 THE ILS SCATTERING PROBLEM

2.1 INTRODUCTION

Electromagnetic scattering is one of the most important and
most complex topics in classical mathematical physics. Basically,
the problem is to determine the field perturbations (scattered
fields) which - :sult when various obstacles (the scatterers) are
placed in knewn (incident) electromagnetic fields. To solve
a given scattering problem, one attempts to find a solution of
Maxwell's equations which has the property that when it is added
to the known or incident electromagnetic field the vesulting total
field satisfies the appropriate boundary conditions at the surfaces
cf the scattering obstacles. Unfortunately, exact solutions to
scattering problems have been obtained in only a limited number of
cases. In this report, intagral eguations for the scattered fields
will be developed by directly integrating the electrcmagnetic
field equations. Appruximate soluticns tc these integral equations
for the case of perfectly conducting scatterers will then be
applied to investigate localizer signal scattering by a flat,

vortical wall. Comparisons will be made with previous work.

2.2 INTEGRATION OF MAXWELL's EQUATIONS

The Maxwell's equations in M.K.S. units for a homogeneécus,
isotropic medium with permittivity € and permeability ¢ are given
below

VxE = iwuH (2.1)
7 x § = ‘;1ws§ (2.2)
v *H =25 {2.3)
- -

7 - E =p/¢c (2.4)

In Equations (2.1) through (2.4), it has been assumed that all
fields vary harmonically in time as e ¥, The quantities §, ﬁ, 3,
and + are, respectively, the electric field, the magnetic field,

the current distribution, and the charge distribution. Taking the
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curls of Equations (2.1) and (2.2) we find that E and 7 satisfy
the following field equations:

- -+ > 24- R -+
¥V x (VxE) - k E = iwud ’ (2.5}
> e 2 > >
Vv x (¥xH) - k H= ¥xJ ’ (2.6)
2 2
where k = w €u.

Let V be a closed volume in the medium bounded by a regular
surface S. Let 5 and P be vector fields defined at each point in
the medium. The vector Green's theorem for P and a has the
following form:

£ + > ->
J[ (Q-VxVxP - P+ TxVxQ)dv
v
= f@x-‘;xa - 6x§x§) -fi ds |, (2.7)
S

where n is the unit normal to the surface S and is directed out-
ward from the volume V.

The integral identity given by Equation (2.7) can be used to
directly integrate the field Equations {2.5) and (2.6). To begin
with, we define the function ?(;',f) as follows:

. !-i -
ixlrt-7!

¥(r',r) = e (2.8)
jEr-£]

The two point function ¥ is just the Green's function of the-
Helmholtz equation. That is to say, ¥ satisfies the equation

22

(V4k )¥ = -4 (£'-T) ) {2.9)

where § (r'-¥) is the Dirac Delta Function. The vector r' can be
thought of as the position vector relative to some origin 0 of an
observation point P inside V while T' is the position vector rela-
tive to the origin of any source point in V or on §. Following
Stratton,l we first define the vectors P and { appearing in
Equation (2.7) as follows:

=
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E(r)

(2.10)
a Y(r',r)

-
Q:
where a is a unit vector in some arbitrary, fixed direction.

Referring to Equations (2.5), (2.9}, and (2.10), the following
vector relations hold:

an = VYyxa
-~ > ™o
Vx (VxQ) =+ak2y + 4ma § (r'-1) + V(a-V¥) (2.11)
-> e 2.. . -
Vx(VxP) =kX“E + iuund
Substituting these various expressions into the integral
relation (2.7) and integrating waith respect to the unprimed source

coordinates, we obtain after a few trivial vector manipulations
the following expression for E@E@")

<+ - ;-_f_ - 1 =+
E(r') = 4wv(1ou?+EaV?)dv (2.12)
1 . ~ - Il T S
-3J [mu (nxH) ¥+ (nxE) xV¥+ (n-E) V¥|ds
S

The unit vector a has Leen dropped from (2.12) since its orienta-
tion is arbitrary and it would simply scalar multiply both sides
of (2.12). Repeating this analysis with P defined as H(T), the
following expression for HA(r') is obtained:

> > z__f > =
i@ = g7 f Gxnay (2.13)

1"_ =T i
g iwz (nXE) ¥- (nxH)xV¥- (n-H) V¥ |ds
s

Equations (2.12) and (2.13) express the electric and
magnetic field intensities at any point P inside the volume V in
terms of volume integrals over the charges and currents inside V
and surface integrals of the fields over the bounding surface S.
The sur-face integrals represent the contributions to E and f from
sources located outside V. These two equations will be the basis
for our treatment of elec. aagnetic scattering.
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2.3 INTEGRAL EQUATIONS IN THE THEORY OF ELECTROMAGNETIC SCATTERING

b
s

To begin our discussion of electromagnetic scattering, con-
sider the geometry depicted in Figure 2.1. Figure 2.1 depicts a

A

multiply-connected volume V containing a localized source of elec~

tromagnetic radiation which occupies & volume v in V. This source

e

might, for example, be a glide slope or localizer antenna. The
charge and current distrioutions within*vi will be denoted by CH
and Ji’ respectively. Elsewhere in V, J and p are assumed to be
identically zero. Note that the volume V is bounded by an interior

boundary surface S, and an outer boundary surface So' The volume
Vl bounded by Sl is not included in V. The volume V consists of
the region bounded by So, excluding the interior of Sl' To apply
Equations (2.12j

SOURCE
azov;

Fi.05

AR gt oA

i

=

£l

Figure 2.1. Multiply-Connected Region Containing Source

y
i

and {2.13) to such a multiply-connected region, the surface inte-
grals must be carried out over both bounding surfaces.

A
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Let us assume that the source occupying the volume vi in ¥ is
the only source of vradiation. Let Ei(;) and §i(;) denote, respec-
tively, the electric and maqnetic fielé intensities produced by
this source. The subscript "i™ is used to denote incident field.
The values of Ei and ﬁi at a point P inside V are given by the
fcllowing eguations (Egs. {2.12) and (2.13)).

tn
——y
Hl
L4
1
[
——y
e
[
o
f:-c +
]
e
1|
]

i
j=o 73
and
H.(x) =L F.x%s) av
sz i
1 —i ~ - A - -
+ H l}ai(ﬁxﬁi}?—inxﬂi)xQ?—(n-Ei)?%]ds.
= s
J=0 73 {(2.15)

Note that in Equations (2.14) and (2.15), the voiume integrals are
extended only over the volume vy occupied by the localized scurce
since J «~i o are zero e¢lsewhere in V. Note also that each ema—

tion contains two surface intecrals because of the two surfaces
which bound V.

Equations (2.14) and (2.15) represent solutions to the field
Equations (2.5) and (2.6) for the electric arnd magnetic fieid dis-
tributions inside the multiply connected region due to the local-
ized source occupying the volume v in V depicted in Figure 2.1.
Since this localized source is assumed to be the only source of
radiation in the universe, tre surface integrals appearing in
Equations (2.14) and (2.15) are in fact identically zero. To see
that this must be so, consider first the surface integrals, in
Equations (2.14) and (2.15) of ii and ﬁi over the interior boundary
Sl. Since Sl encloses no scurces {(J £ 0 and g = 0 in Vl}, we can
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contract the surface S, down to a new boundary surface 53 which is
enclosed by sl without adding any new charges or currents tc the
volume of integration. Consequently, the only changes in Egua-
tions (2.14) and (2.15) whick result fros shrirking S; down to §1
is that the surface integrals of E; ang Sii over S}_ are now carried
out over sl' Since the electric and =agretic f£ield intensifiec at
? do not change as a result of this contracticn, we =ust conclude
that the surface integrals over s1 ecuzl the correspniding surface
integrals over S, - Bft:. tbe;:alues SE the surface integrzls in
{(2.14) and (2.15) of Si ang Ei cver sl can be =ade arbitrariiy
s=all by simply allowing the surface area of §1 t0 g0 tc zer

Consequently, we can conclude that the surface integrals of =i
and ﬁi over S; appearing in Egquations {2.14} and (2.15]) are
identically 2ero. That is to say,
/ [IE"{an )‘*inXE }xvsi-( -E. ﬁ?]és = 0 £2.16}
51
and
f[i%t (AxE, )o- (Axl )xTe - (5-8,) ¥ fas = o 2.17)
S 1 3

A similar argu=zent can be made regarding the surface integrals
of §i ard %i over the outer boundary Sc' Since no nex sources of
radiation are added to the volume of integraticn by expanding Se
tosc%eaessurfaces {Jan::ésEacstsiﬁeS}; the sarface
integrals over S E!St egual tl-.e corresponcing uztesrals over ae-
Bat if the Surface s is allowed to recede to infinity, the surface
integrals cver se go tc zero because of the fcliowing asyamtotic
properties of electromamnetic f£ields produced by localized
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Szprose now that a scattering cbject is placed inside the
interijior boundary S,- The situmaticn is depicted in Figure 2.2.

Figure 2.2. Geoxmetry Iilnstrating the Arrangesent of

Source andé Scatterer

The scatterer could be composed of a conducting or dielectric

saterial or a conbination of the tun. Chary.w and currerts will
SIS s = . =
be induced in the scatterer by the incident fields E. and 2

ateiss

i i
generated by t¥=x orimary source of radiation occupying the voluze

V. in V. These secondary sources will in turn radiate electro-
s'z;g%etic waves. ILet §s{§) and §s(;} dencte, respectively, the
electric and magnetic fields gensrated by the charges and curxents
indunced in the scatterer. The subscript "s” is used to dernocte
scattered field. The total electric and magnretic fields can bo
represented as follows:

BN =E @ + E D
- - - -» - 2.2‘
Hi{r) = H.{r) + 8_{r) ( )

i s
- . = - > -
*he scattered fields ?'s ang Es will of course exert forces
on the charges and currents of the primary source. As a result,

i3
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the charge distribution oy and the current distribution Ji will
-
assuz=e new values which we will denote by 93.'_ and J:, respectively.
Bowever, we will assu=e that the perturbations of Ji and oy due to

the presence of the scatterer are seconé orcder effects and that
they can be ignored. That is to say, we will assurme that

=3
= 5. (2.25)

Cid
M w pie
o

0
o

These approxizations should be very good for scatterers in the far
tova s - - 2
field of the prizary radiator.

To calculate the total electric and magnetic fields at a
point P inside V, we simplv apply Eguations (2.12) and (2.13)}. For
~xanple, the electric field is given by

=

i

S

1
E - ~ - -~ - - ~ - -
- = Z A st (nxH}v+ (nxE) xVs+(n-E)¥¥ ds (2.26)
j=o

where £ = E, + E_ and H= ¥, + §_ (Eg. (2.24)). Notice that the
s

lecalizod cource cocupyiay che volaus V. 1s Stiil the only source

of radiation inside V since the scatterer lies in the volume vl
bounded by S, and this regiscn is exciuded from V. Notice also
that we have macde use of the approximation {2.25). According to

Equation {2.22), the volum=e intecral appearing in Eguation {2.26)

!

- - - - = =
eguals Ei {r*'}. Conseguently, since £ = E; # 2, the scattered

electric field at P is given by

§' =~ -y
By =-1 Z i (RxE, )2 + (AxE, )xTv+ (A-E.)77] as
= 4 s. L * i b3 B
3=0 3
1 .
1 - -~ - - - -‘1
- - 3= Tan( !isi?-*(nxz—:s}x%(n-: }¥¥ids (2.27)
. S.
j=o “jt -
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where we have made use of Equation (2.24) and have separated the

surface integrals involving the incident and scattered fields.

But the integrals of §i and ﬁi over the surfaces 5o and Sy have
already been shown to be identiczlly zero (Egs. (2.16) and (2.29)).
Furthercore, if the surface So is allowed to recede to infinity,
the surface integrii over So of the scattered fields will go*to
zero since SS and ﬁs have the same asymptotic properties as Ei and
Hy (Egs. (2.18) and (2.19)). *§c§sequent1y, we firally arrive at
the following expression for Es{r'):

B x'y = - %?/[iw.:{ﬁxﬁs)v+(ﬁx§s)x$?+(ﬁ-§sﬁ?] as
5, (2-28)

Since the surface S0 has been allowed to recede to infinity,
Equation (2.28) is wvalid for any point P lying outside the suzface

;- The analogous expression for ﬁs(;‘) is

'
o~
".
~
]

‘ll [

T}

f [iﬂctiixss)?—(ﬁxis}x%—(ao?ss;%?} ds.
S1 {2.29}

In fact, the surfece S1 can be collapsed down: onto the surface of
the scatterer itcelf so that Eguations (2.28) and 1Z2.73) becoxme
valid for all points P outside the body of the scatterer. This

situation is depicted in Figure 2.3.

Henceforth then, it will be un-
SCATTERER derstood that the surface S is
the actual surface of the scat-
terer. The unit normal n which
appears in Equaticns (2.28) and
{2.29) points into the body of
the scatterer.

The integral Eguations
{2.28) and (2.29) express the
Figure 2.3. Collapsing Surface scattered electromagnetic fields

S; onto Scatterer at an observation point P in

terms of integrals of the
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scattered fields over the surface of the scatterer. These equa-
tions represent first order solutions to the scattering problem

in that they are based upon the approximation that the charge and
current distributions of the primary source are not changed by the
fields generated by the scatterer (Equation (2.25)). In the next
section, useful anproximate solutions to Equations (2.28) and (2.29)
will be developed for the case of perfectly conducting scatterers.

2.4 APPROXIMATE SOLUTIONS TO THE INTEGRARL EQUATIONS OF SCATTERING

THEORY

Approximate solutions to the integral Equations (2.28) and
(2.29) can pe obtained by using iterative methods. Specifically,
from a knowledge of the boundary conditions which must be satisfied
on the surface of the scatterer Sl’ approximate functional rela-
tionfhips among Es and ﬁs N S1 and the known incident fields ﬁi
and Hi on Sl are developed and then substituted into the integrals
in Equatiors (2.28) and (2.29). The integrals are then evaluated
to produce apprcximate expressions for Es and ﬁs at an observation
point P. This procedure is particularly straightforward for the
case of perfectly conducting scatterers because of the relative

simplicity of the boundary conditions. 1In this section we will con-

centrate exclusively upon perfectly conducting scatterers.

Consider the integral Equation (2.29) for the scattered
magnetic field intensity:

r
<> -+, _ 1 d - =< _qx - y_ '\."‘
Hs(r ) = W J [1w,(ans,w (ans)xVY (n Hs)ﬁé]ds
Sl {(2.29)

Tor convenience, Equation (2.29) will be modified by making use
of the fact that, as shown earlier the surface integral appearing
in (2.29) of the incident fields Ei and ﬁi is identically zero
(Egq. (2.17)). That is to say,

0 = i—_{ f[i;e(ﬁxﬁi)w-(ﬁxﬁi)xw-(ﬁ ﬁi)ﬁv]ds. (2.30)
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Adding Equation (2.30) to (2.29) and recalling that E = Ei + Es and
-

H = ﬁi + ﬁs' we obtain the following equation:

-ﬁ (-’I) -—
s'T ) =

o=
=

f [ims (AXE)Y - (AxH) xVy- (ﬁfﬁﬁ\y]ds, (2.31)
S
1

where E and H are the total fields on Sl' At the surface of a
perfect conductor, the tangential component of the total electric
field and the normal component of the total magnetic field are
identically zero. Mathematically, these boundary conditions can

be expressed as follows:

n x

te+
m
o
X
n

]
é

; (A _=-f-H.) (2.32)

ol 2
1L
(=]

n -

8 i A%

Consequently, for a perfect conductor, Egquation (2.31) takes the ‘g
following simple form: g
z

L d

+ >, __ 1 ~ > . =

H (X') = - 37 (AxH) x V¥ ds . (2.33) |

5

To approximate (ﬁxﬁ) on the surface of the scatterer, we first
-mploy the principles of geometrical or ray optics. According to
ray optics, there is a deep shadow region (no illumination) on the
side of the scatterer not directly exposed to the incident radia-
tion from the primary source. In the shadow region, £ and H are

identically zero (§S=—§i and §s=-ﬁi). The surface S1 is thus
divided into an illuminated side S _ and a shadow side S_, the two

it MR

% sides being separated by a sharp shadow boundary I'. This situation
: is depicted in Figure 2.4. If it is assumed that E and # are
identically zero on S_, then Equation (2.33) becomes

“ .
LB

= H (') = - %—“- /(ﬁxﬁ) x ¥y as (2.34)
s

+

i
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Figure 2.4 Shadow and Illuminated Regions of Scatterer

where the integral is performed only over the illuminated side of
the scatterer. Finally, to specify {(nxH) on 5,, the assumption of
plane wave reflection from the local infinite tangent plane is
Tade. Thaf is to say, at each point Q on S+, it is assumed that
ES(Q) and HS(Q) have the values of the reflected fields which
wouli exist if a plane electromagnetic wave with amplitudes Ei(Q)
and Hi(Q) were incident upon an infinite plane perfectly conducting
boundary tangent to 8, at Q. The boundary conditior satisfied by
the tangential components of the incident and reflected magnetic
fields when a plane wave is incident upon an infinite , plane |,
perfectly conducting boundary is

X Hs = fi x Hi R '2.35)

o 2

or equivalently,
~ - ~ - -> P
nxH=nx (Hi+HS) = 2(ani) . (2.36)

Assuming that Equation (2.36) is valid at gach point on S,
Equation {2.34) becomes

T ey o _ 3___ A > -
H(x') = - 53 /(nxﬂi) x V¥ ds . (2.37)
Sy

The analogous expression for §s(f') can be obtained by apply-~-
ing Equation (2.2} which, in the absence of currents, takes the
form

19
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Vxfi=-iwe® (2.38;

Substituting (2.37) into (2.38) the following expression for Es(;')

is obtained:

E(F') = - 22— F' xf(ﬁx'ﬁi) x ¥vyds , (2.39)

where ¥' acts upon the primed or field point coordinates. Eguation
>

(2.39) can be rewritten by taking the operator V'x inside the

integral and noting that V¥ is the only function under the integral

- -
which depends upon r':

-+ 1 A > A > 1
Es(r') = ~ 5?55;/r Enxﬁi)ﬁ'-(ﬁ?) - {(nxﬂi)‘ﬁ‘} é}ds
S, (2.40)
Since V¥ is a function of |¥'-r], the following relationships hold
true:
Voo @) = 3. (Fw) = - 9%y
[ | o -
[(ﬁx'ﬁi)-v'J vy < - [ihxﬁi)-ﬂ Vy (2.41)

Substituting the relations {2.41) into (2.40) ar2 noting that for
T'#%, -v27 = k%% (Eq. (2.9)), we obtain the following equation

f E »').
or s(r :

-+ ] 1/2 1 ~ - ~ >
E (x') = - ;-’f,— (—‘;—) j [(nxni)w %? {(nxui)'ﬁ }%']ds
s, (2.42)

where we have made use of the fact that k=w/jic.

We will be primarily concerned with the distributions of Es
and ﬁs in the far fiela+or Fr§fnhofer zone of the scatterer. To
obtain expressions for ES and Hs in the Fraunhofer zone, Equa-
tions (2.37}) and (2.42) are expanded asymptotically for large
valces of r‘=};‘}. For convenience, let the origin of coordinates,
0, lie on the surface of the scatterer. Let D denote some charac-
teristic linear dimension of the scatterer. The Grzen's function
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¥ is given in Equation {2.8):

Sik|T =T
¥ = =0 . (2.8)
|z'-r]

Suppose that r'>>D. Then in the denominator of (2.8), lf’-?l can
be approximated very accurately by r'. That is, the variations in
the amplitude of Y as I varies over the surface of the scatterer
can be ignored if r'>>D. More care must be exercised in approxi-
mating the phase of ¥ because of the oscillatory behavior of the
exponential. If r'>>D, then |T'-F] can be approximated to terms
of second order in r = |r| as follows:

-+ - ~ -»> r2 (;"?)2
Ir'-r! ' - rter + =—— -——z-r—,—' ’ (2.43)

2r!
where ;'=;'/r' is a unit vector in the direction of r'. In the
Fraunhofer zone, D2/2r' is verv small compared to the wavelength
A=2n/k of the incident radiation so that the guadratic terms in
Equation (2.43) can be ignored in comparisou with the other two
terms:

jT'-T] = r* -~ £'-¥ (Fraunhofer approximation) (2.44)

Combining these amplitude and phase apprcximations, we may write
down the following asymptotic expression for ¥ for field points in
the radiation zone of the scatterer:

ikr'

-ik(L'-T
y = S eTik(rToE) (2.442)

A similar analysis of V¥ and (5-3)3? where A is an arbitrary vector
leads to the following asymptotic expressions:

ikr . ~ .4 ~
99 = - ik S - emik(r'-riz, (2.45)
L PKE' il
G-y = @-pnEnd S e I, (2.46)

Substituting the asymptotic forms (2.44), (2.45) and (2.46)
into Equations (2.37) and (2.42), we obtain the following asymptotic
or Ffar field expressions for ﬁs and ﬁs:

21

A

i vmmmm i

'W’

b

i



‘Im‘vlll,f, ™

m
iy

‘I
e “L R

. ixr' - - et .
AGE) = - ;—ker, - P ox f(ﬁxlii) e ik(x'oxr) 4o (5.47)
S,

LA L S

- A2 ikt | it
Z E (x') = ;—..(';') S:—r— s xr' xjr'x / (nxH )e ik(r r)ds,
= S, (2.48)

where we have made use of the identity a x (axb) = (a-b)a - a2d in

Equation (2.48). Notice that the asymptotic exrressions for ﬁs
andéd és in Equations (2.47) and (2.48) are related as follows:

TRV R [ D S
S B S

]'/,:! ~ - -
(5) r* xE -H =0 (2.49)

C—— m
i R RS

i

u 1 S

These results are in agreement with the asymptotic relations

R

given in Equations (2.18) and (2.19).

Equations (2.47) and (2.48) are the basic equations used by
the Ohio University3 researchers and the TSC group for studying
localizer signal scattering from metallic airport structures with
plane surfaces. However, caution must be exercised in applying

i

these equations since the assumptions upon which they are based

are unrealistic for many applications. Generally speaking,
Egquations (2.47) and (2.48) can be applied with some confidence in
situations in which the wavelength i=2%/k of the incident radiation
is small compared with the dimensions of the scatterer. When 1}

is comparable to or greater than the dimensions of the scatterer
{length, radius of curvature, etc.) the assumption of a sharp
boundary on the surface of the scatterer separating the illuminated
side (S,) from the shadow side (S_) breaks down because of dif-
fraction. The assumption of local plane wave reflection from the
infinite tangent plane also breaks down when X\ is comparable to or
greater than the radius of curvature of the scatterer. It would
for example, be unwise to attempl. to use Equations (2.47) and (2.48)
to study localizer signal scattering from the fuselages of aircraft
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since at localizer frequencies, Ax10 it which is comparable tc or
greater than the radii of curvature of all aircraft presently in
use. Another fact to be borne in mind is that Equations (2.47)
and (2.48) apply to the Fraunhofer 2zone of the scatterer. That
is to say, these equations are based upon the assumption that
D2/2r' is very small compared to a wavelength where D is some
characteristic linear dimension of the scatterer. For very large
scatterers, and for observation points relatively close to the
scatterer, this condition may not be satisfied. One way of cir-
cumventing this difficulty is to divide up the illuminated surface
s, into smaller subsections, apply Equations (2.47) and (2.48) to
each subsecticn, and then add up the contributions from the
various subsections to get the total scattered fields. A more
direct approach is to simply retain the quadratic terms in the
eyparsion (2.43) and to express the scattered fields in terms of
Fresnel integrals. This latter approach has in fact been pursued
at TSC. The results of our work tc date are presented in
Appendix A.

In spite of these various restrictions upon the applicability
of Eguations (2.47) and (2.48), they can provide a great deal of
useful information about scattering phenomena. In the next sec-
tion, these equations will be used to treat the problem of locali-
zer signal scattering by a flat, vertical wall.

2.5 LCCALIZER SIGNAL SCATTERING

To illustrate the techniques developed in the preceding
section, we will treat the important problem of localizer signal
scattering by a flat, vertical, rectanrgular wall. The geometry of
the problem is depicted in Figure 2.5. The x-y plane is the
ground plane. For simplicity, it is assumed that the ground is
perfectly flat and perfectly conducting. The x-axis represents
the center line of the runway. The z-axis is perpendicular to the
grouna and points out of the page. The unit vectors in the x, y,
and z directions are denoted by éx' éy, and éz respectively. The

iocalizer antenna is located a distance H above the ground and has
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coordinates (0,0,H) relative to the x, y, z coordinate system. H
is typically on the order of 10 feet for the localizer.

Figure 2.5. Scattering From a Vertical Wall,
Ground Plane Shown

In the far field of thz localizer antenna, the electric
field can be written as follows:
- R ) eikR
E=au Eo £(2) " . (2.50)

where U is a unit polarization vector, Eo is an amplitude, R is
the distance from the localizer to the field point, and £(2) is
the horizontal field pattern of the antenna. For an arbitrary
field point with ccordinatas {¥,v,2), R and ¢ are defined as

follows:

R = ﬁ2+y2+ (z-H)*

¢ = tan t (Y-) (2.51)

X
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The electric field gererated by the localizer is assumed to be
polarized parallel to the ground so that 4 is given by

)y
)

e - X e
a=T%%"*% | (2.52)
D
P

where Dp = Vx§+y: is the horizontal distance from the antenna to
the field point.

To account for reflections from the perfectly conducting
ground plane, an image antenna located at (0,0,-H) is included
in the formulation to cancel the E field of the antenna on the
ground {z=0). The total incident electric field (direct plus
ground reflected) is given by

. QikR eikp"
B, =G E £(6) |S—- n , (2.53)

where R, = V&2+y2+(z+n)2 is the distance from the image antenna to
the field point.

Equation (2.53) can be rewritten as follows:
ikR elk(Ri—R)

* _ o~ e _R______
E; =uE, £(¢) = 1 R; . (2.54)

We now make the assumption of small elevation angles. That is to
say, we will assume that D_ = ¢/x +y2 is much greater than the
magnitudes of (z-H) and (z+H). If Dp>>lz—Hl and }z+H|, then
DP=R=Ri and the factcr R/Ri in Equation (2.54) car be set approxi-
mately equal to 1. However, the path length difference (Ri-R) in
the expcnential must be approximated more accurately because of
the oscillatory behavior of the exponential. To this end, we

expand R and Ri in power series retaining only the two leading
terms:

2
(z-H)
RxD + o , (2.55)
2D
P P
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(z+ii)2

Ri b DP + TD—P-— . {2.56)

Consequently, the path length difference (Ri~R) is given approxi- =
mately by =
R. - R s 22 | {2.57) =

1 DP E

Incorporating these varicus approximations into Equation (2.54),

we obtain the following expression for §i at field points with
small elevation angles:

- R QKR 2ikzB/D
Ei =u Eo £(¢) 1-e P .

] {2.58)

=

The corresponding incident magnetic field ﬁi can be derived from
Equation (2.58) by recalling that E and H have the following

asymptotic relationship in the far field of a localized source
(Egq. (2.19)):

e 21/2 ~ -
H= (:) {rxE) . (2.59)

-

Conseguentiy, ﬁi is given by

. \1/2 oikR 2ikz/n ]
H; = (;) E, F8) S— |1 - e (Rxa) , (2.€0)

where §=§/R and §=x€x+y€y+(z—ﬁ)éz. The magnetic polarization
vector (Rxu) is given by

. m U I !
A L R R L ikl

_ [xex+yey+(z—n)ez] [yex-xe]

;53 s a Y-

: = Rxu=3J B X = D ’

e P

= .. D xXé_+yé

= Rxua=- §E € + (z-B) g——f—-—XJ . (2.61)
1 z RDP

The magnitude of the second term in Equation {2.61) is
|z-g|/R = |z-H|/D_ which we are assuming is very small compared to
1. The magnitude of the first term on the other hand is

bl

26

T A

»

A




i R R

i

e ."|“\.|l,|'| Wt

il

i I I
frp i

i I
L

AL

T ‘
L

P, N o s | b G ¢

approximately equal to 1 when D_>>|z-H|]. Consegquently Rxeo
approximately equals (-éz) for small angles of elevation. Making
this approximation, Equation (2.60) can be rewritten as follows:

ikR 2ikzH/D

1/2
H, = - e, (u) E, £{¢) ] l-e . (2.62)

It will be assumed that for any point on the vertical wall,
DD>>[z-Hi so that Equation (2.62) can be used to accurately
describe the variation of ﬁi over the surface of the scatterer.

The length and height of the vertical wall depicted in Ficure
2.5 will be denoted by L and h respectively. The coordinates of
the midpoint of the base of the wall will be deonoted by (x

o). If
_ ’ 2.2
Dpl = x1+y 1

is much greater than L, then the angle subtended by the wall at
the origin of ccordinates will be very small. Assuming that this
is the case, f(4) in Equation (2.62} can be replaced by f (3} where
é=tan-1(yl/x1) to a very good approximation. In other words, we
can ignore the variation of the horizontal antenna pattern over
the surface of the wall when Dpl>>L' assuming of course the £ ($)
does not vary too rapidly with ¢.

1' er

Let R, Genote the distance from the antenna to the mid point
of the base of the wall:

_ 2 2 2
R, = ¢fx] +¥] + H (2.63)

Wher R, is much greater than the cimensions of the wall, the dis-

tance R from the antenna to any pci .t P on the wall can be repre-
sented approximately as follows:

~

R = Rl + R1 . ; (2.64)

~ - -’ ~ ~ ~ -~ - .
where Rl=RliR1, Rl=x1ex+yley-8ez, and r is a vector in the plane of
the wall drawn from the mid point of the base to the point P.
Equation (2.64) results from expanding R=l§1+§ to terms of first
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order in r. Let n denote a unit vector parallel to the wall and

paralliel to the x-y plane (Figure 2.5). Using the point (xl,yl,O)
as a new origin of coordinates, the vector T can be represented as
follous:

}=nz‘-;+zéz , (2.65)

where n is variable ranging from -L/2 to +L/2 and z is just the
elevation of the point P on the wall above the ground. The vector
n can be expressed in terms of éx and éy as follows:

n=cos Se_ - sin & & {2.66)

where $ is the angle between n and the x-axis (Figure 2.5). Sub-
stituting (2.66) in (2.65), we obtain the following expression

for r:

- ”~ "~ -~
=7 8 - in & +ze_ . (2.67
r=ncos 3 € -nsincte, ze, )

The path length difference ﬁl-f can now be calculated:

X b4
- - 1 1 . 2H
R, r=n}]=cosS-=sind] -~ =— . {2.68)
1 Rl Rl 31

D

Making these approximations, Eguation (2.68) becomes:

Since R1=D91(H<<D 1) xllele/DDI= cos ¥ and YI/Rl=y1/Dpl= sin %.

zH

Doy

Substituting Equation (2.69) irnto Eguation (2.64), we obtain the

R, - T = ncos(g+s) - . (2.69)

following approximate expression for the distance R:
. zH ,
R=R, + 11 cos (8+3%) - =— . {2.70)
1 D
pl
in the denominator of Equagion (2.62) R can be simply replaced
by R, and in the factor [1 - e2ik2zH/D

1

pl, D can be replaced by Dpl'
Incorporating all of these approximations into Equation (2.62}, wve

obtain the following expression for §i on the surface of the wall:

|
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ik¥
- ~ 1/2 . Rl 3 s .
H; = e (%) E, £(3) S elkncosi8+¥) -[2:'. sin k(!z)B )]

1 pl
{(2.71)

T

i W

The expression for ﬁi given in Equation (2.71) can r. s be
substituted into Equation (2.48) to calculate the scattered elec-
tric field Es produced by the wall. The origin of coordinates for
this integration will be the mid point of the base of the wall

Ly

B o b s

(xlgylyo) -
Equation (2.48) is reproduced here for ease of reference

I

LA

“‘
L L A

HAERAEDERY

A2 .
= ik (2 € — - ' x| x/(ﬁxﬂ"i) e ik(x'-r)ds.
S

+
(2.48)

The unit normal vector n points into S, (Figure 2.5). In terms of
the unit vectors éx' e_, and 32, n is given by

M

= - a ~ "~
sin & ex + cos 8 ey (2.72)

Clearly, n x H. is paralle. to n since ﬁi is parallel to & . (Eq.

{(2.71})).
The vector r' is drawn from the point {xi,yl,o} to the ob-

servation point which is of course the location of thre receiving
denote the coordinates

il i !
T

antenna on the aircraft. ILet Xye ¥pr 2,
of the receiver relative to the x, y, and z axes respectively.

- - -
Then r' is given by

-b. _ - -~ - ~ ~
r* = (x2 xl) e ¥ (y2 yl) ey +z, e, . (2.73)

The magnitude r' of the vector r' is denoted by R,:

o[
o NH i Ly

r' = RZ = ‘I(xz—xl}z + (yz-yl)z + zg (2.74}

The horizontal distance of the receiver from the point (xl,yl,o)
is denoted by DPZ:

”
!

12+ vyt - (2.75)

A

Dy2 = Voox
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It is assumed that the elevation angle of r' is very small. That

is to say, it is assumed that Daz>>22' The phase term r£'-r appear-
ing in the integral in Equation (2.48) is given by

(xz-xl) (yz-yl) . z z,

% TR X

where use has been made of Eguation (2.67). Since 932>>22, DD

{2.76)

[$ 4]

|
0
v
[~}
¢

£f'.r = n COS |

=R
272"

Conseguently, the following zpproximate relationships hold:

&

(¥,-Y,) ¥Y,-v,)
27y .
= 12, 1 -siny , (2.77)
R2 p2

- -
where v is the angle bhetween the projection of the vector r' cnto

1)

!
.JU

]

8

7]

)

-3
I

the x-yv plane and the x-axis (Fig. 2.5). Conseguentiy, Ecquaticn
{2.76) can be rewritten as follows:

222

DpZ

- {2.78)

”~ - -
r'r = o cos (y-%5) +

The integral in Equation (2.48) can now be evalunated guite
easily. It should be noted that the range of integration of the
variable z is - h < 2 ¢ + h. This range of intagration must be
used in order tc take into account the image of the wall in the
ground plane. Carrying out the integrations in n (-L/2g<nc+L/2})
ané 2z (-h<z<+h), we obtain the fellowing expression for the tota’
scattered field §5 {direct plus ground reflected):

ik (R,*+R,)
E = {i’z(i'xﬁ))ik—%—s £l3) a5 -sinc[%(cas{-:--&%)—cas{'f-é}!]

z.,
- { sinc kh{- - 5|1 - sinc |xn -DB— + gi . (2.7}
t pl p2 J Pl p2]

A T A A T

A

=
g
=
=
=




where sinc(x) = sin x/x.

For the low angles of elevation which we are assuming, the
triple vector product ' x (r'xn) can be simplified greatly. We

AR

"

first expand the triple vector product as follows:

i

i

~ A

r' x (r'xn) = (¥'-n) r* - n (2.80)

The unit vector r' is given by

e . (2.81)

(x,-x,) (y,~v.) 2z
2 1 8 2 4 e

r' = —x «x ¥ TR

2 2

For small angles of elevation (R2=Dp2>>22), we can ignore the z-

component of r' and use Equation (2.77) to obtain the following

. ~
expression for r'.

Tt = e .-si e 2.82
r' = cos y e, -~sin vy ey (2.82)

A
~

Consequently, ' n = cosé cosy + sin® siny = cos(y-9) (BEg. (2.66)).

Making these approximations in Equation (2.£0), we obtain the

following approximate expression for the polarization vector

r' x (r'xn):

' x (r'xn) = - sin (Y—e)[%in Y éx + cos Y éy] (2.83)

which is of course parallel to the ground plane. The magnitude oI

the vector given in Equation (2.83) is just sin (v-8). Conse-

quently, the magnitude of the scattered field is given by

ik(Rl+R2) KL 1
_ ikLh e ; - inc == 8+y) - cos(y-6
Es = = (Eof W)) R1R2 sin (y-6) sinc 3 [cos( ¥) cos (y )J
z ¥4
dsine |kh |55~ - s2|| - sinc |kn S+ 5-"’—] (2.84)
pl p2 pl p2

For «&n omnidirectional receiving antenna, the erpression given in

Eguation (2.84) is the appro-riate one to use for calculating

perturbations in the difference in depth of modulation.

3
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2.6 COMPARISON WITH PREVIOUS WORK

The result obtained in the preceding section for the scattered

electric field produced by a flat vertical wall will now ke compared
with the solutions to the same problem obtained by the Ohic Univer-
sity and I.B.M researchers.4

Our Equation (2.84) for E. does not differ significantly from
the expression obtained by the Ohio University group. This comes
as no surprise since our methods of approach are almost identical.
Their solution is somewhat simpler in that it does not contain the
sinc functions which depend upon the height of the localizer antenna
(H), the height of wall (h), and the height of the receiver (zz)
that appear in Equation (2.84). Instead, their express:on for Es
is simply proportional to h3 H z,. The fact that the Ohio University
solution has a simpler dependence upon the parameters h, H, and z,
than does our solution is due to the fact that the Ohio University
researchers used a linear approximation to descrike ground reflec-
tions. Specifically, instead of multiplying the antenna field pattern
by the factor [1 - eZikz/Dp] to account for ground reflections (Eq.
(2.58)), as we 4id, the Ohio University researchers multiplied the
antenna fieid pattern by (2sz/Dp). That is, they assumed that
(2KzH/D_) << 1, and essentially exparded [1 - eZLRZH/Dp] in a power
series in (2sz/Dp) retaining only the first two terms. They made
a similar approximation to describe the reflecticons of tne scatter-
ed fields from the ground plane. Our expression for Es in fact re-
duces to the Ohio University expression if the sinc functions in-
volving H, h, and z, appearing in Equation (2.84) are approximated
by the first two terms in their power series expansions. In
essence then, there are no fundamental differences between our
treatment of the scattering problem and the Ohio University treat
ment.

On the other hand, the I.B.M. approach to the problem of
localizer signal scattering by a vertical wall differs fundamentally
from our approach and that of Ohio University. For convenience,

their approach to the problem will be illustrated using our equa-
tions and notation.

For ease of reference, Equations (2.28) and (2.29) are

reproduced here:

32
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E_(r') = - %;f oy (ﬁst)?+(ﬁx§s)x3\P+(ﬁ--és)-‘i? ds,

S (2.28)
Hs(f') = %;-J/. iwe(ﬁxﬁs)?-(ﬁxﬁs)xg?-(ﬁ-ﬁslﬁ? ds .

S1 (2.29)

Equations (2.28) and (2.29) express the scattered fields outside

a scatterer in terms of integrals of the scattered fields over the
surface Sl nf the scatterer. Tor treating perfectly conducting
scatterers, we chose to work with Equation (2.29) since the inte-
gral simplies greatly for a perfect conductor. The integral in
(2.29) was first modified by adding to the right hand side of
(2.29) the corresponding integral of the incident fields £. and ﬁi’
Since the surface integral in (2.28) and (2.29) of %i and Hi over
8, are identically zero, the left hand side of (2.29) was un-
changed by this addition and we obtained the following modified
expression for ﬁs(;'):

-+ -> . »> > <+ &
where E and H are the total fields on Sl(E=Ei+Es, H=Hi+Hs)'
The analogous expression for the scattered electric field is:

L@ = - %;,-f [imu(ﬁxﬁ)%(ﬁxﬁ)wi (ﬁ-é)w}ds (2.85)

51

For a perrfectly conducting scatterer, the surface S1 is

divided into an illuminated side s, and a shadow side S_. On the
shadow side, it is assumed as a first approximation that E=fiz0
(Es=*§i and §S=‘§i on S_). With this approximation, the integrals
in (2.31) and (2.85) are extended only over the illuminated side
s, of 8y That is to say, Es(§') and ﬁs(;') are expressed in
terms of surface integrals of the total fields over S, -
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Had we chosen to work directly ich Equations (2.28) and (2.29)
rather than (2.31) and (2.85) the same result would have been ob~
tained. For example, assuming thk .. Es = - Ei and ﬁs = - ﬁi on §_,
Equation (2.28) becomes:

E_(r') = - =— iwu(ﬁxﬁs)?+(ﬁxés)x§?+(ﬁ~§s)3? ds
s ol -l

L]
=

nd «d

+
1 -. ~ - nN - P T
+ —f mu(ani)'%*anEi)x-‘f"‘:"#(n—Ei)%‘? ds .
s—
(2.86)

However, we know that the surface integral of ﬁi and ﬁi over the

total surface S, is identically zero. Consequently, the surface

1 -
integral in (2.86) of E; and ﬁi over S_ is the negative of the
corresponding surface integral of Ei and ﬁi over S_. Therefore,

Equation (2.86) can be rewritten as follows:

* L, _-}_
Eg (') = F[
5,

imu(axﬁs)q+(ﬁxﬁs)x$v+(ﬁois)$f]ds

A -'- (hxH. )¥ + (AxE. ) xV¢+(n-Z.) ¥¥| a
e ic- 3 )+ (xE; n-z;) Vv ds
S
+ {(2.87)

Combining these two integrals over S, and recalling that §=§i+ﬁs
§=§i+§s, we are left with a surface integral over 5, of the total
fields E and H.

The I.B.M. researchers essentiallv use the same integral Equa-
tions (2.28) and (2.29) to treat the problem cf localizer signal
scattering. 7o obtain an expression for the scattered electric
field prodaced by a vertical wall, they simply carry out the

integral appearing in (2.28) over the illuminated surface cf the

wall. That is to say, they use the fcllowing expressinn for Es(r‘):




A0

E_(x'; = [Lw (ﬁxﬁs)w(ﬁxEs)xﬁw(ﬁ-Esﬁ?]as . (2.88}

That is to say, instead of integrating the total fields over S,

as we did, they just integrate the scattered fields. In effect,
they ignore the integral of Es and §5 over S_, the shadow zide of
51‘ Instead of setting Es and H eqgqual to —§i and -ﬁi respectively

s
on the shadow side S_, they in effoct zssume that Es and Hs are

identically zere on S_ which is n

Comparing our result for the maynitude ES of the scattered
field produced by a vertical wall with the I.B.M. results, we find
that the only real difference betweer. the two expressions is that
whereas our Equation (2.84) contains a factor [2 sin {y-8)] co
describe the horizontal! field patterrn cf the wall, their Equaticn
(2.43) contains a corresronding factor M
angle notation by:

G which is given in our

XG = [sin(6+$)+sin(y-9{] cos [7—9-25} . (2.89)

The effects of this difference on perturbations in the difference
in depth of .nodulation predicted by the two models can be very
pronounced as can be seen in some of the accompanying comparative
graphs. Figures 2.6 and 2.7 (static and dynamic) show the dif-
ference between the new and old (I.B.M.) formulations. Also, as
examples of the dependence of the derogation on the building size,
iocation ané orientation, we show in Figures 2.8 tc 2.18 the micro-
amp deviation of a localizer V-ring sigral that would be received
by an aircraft flying the ceaterline of the runway ir level fiight,
S0 feet above the ground as predicted by the new math model for
scattering off a vertical wall.

Thege Cal Comp generated ficures are presented hero as ex-
amples of typical output obtgired from the computer model and as
examples Sf on& way in which this output casi be presented. 1In all
figures the x-distance is measured from the Localizer-.as origin
and the y-distance from the centerline of the runwav.
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In Figure 2.8, the micrcampere deviation calculated along the
runway centerline caused by a 100 foot by 50 foot rectangular wall
situated behind the Localizer and 470 feet from the runway center-
line is shown teo increase markedly as the wall is moved closer to

the Localizer. This i1s expected as more energy is reflected back

onto the runway in these cases.

Figure .9 shows a similar marked increase in the derogation
for buildings located closer to, but in front of the Localizer.

Figures 2.10 and 2.11 show the dercgaticn due to a larger
building, 500 feet by 50 feet, which is located further from the
runway centerline (1000 feet instead of 470 feet). Well beyond
the Localizer in either direction, (-2000 feet or +8250 feet),

there is only negligible derogation, while closer in, at -1000
feet and at +500 fee:, the derogation is significant.

The explicit variation of the derogation on the building’s
position relative tc “ne runway centerline is shown in Figures
2.12 and 2.13. There is a dramatic increase in the amount of
derogation when the building is placed close to the runway center-
iine (e.g., wher y=4 1} feet).

Figures 2.14 and 2.15 show the derogation for different
orientaticns of the building, both in terms of the magnitude and
the locaticn of the derogation on the runway centerline. As in-
dicated in the accompanying sketches, the different locations of
the derogation along the runway centerline occur because of the
different specular reflection directions of the various building

orientations.

Finally, ia Figures 2.16-2.18, the increase in the derogation
with the increase of building size is shown.
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3.0 MODELING OF ILS SIGNAL DETECTION

3.1 INTRODUCTION

In implementing computer prediction of the course deviation
indication (CDI) for complex derogating environments and arbitrary
selection of the localizer and/or glide slope signal transmitting
system, it is desirable to have a unified approach to the modeling
of DDM detection by standard aircraft ILS receivers. To effec-
tively treat any existing or future ILS system, a detection model
must adequately account for systems utilizing one or two carrier
frequencies, for arbitrary relative phasing between different
signal components, variation of receiving antenna gain patterrns
and effects of aircraft speed. The models presently in use fall
short of this objective. The I.B.M. code is developed only for
the localizer null reference svstem; the Ohio glide slope programs
incorporate null reference, sideband reference and capture effect,
but in the latter case the auxilliary carrier signal is ignored.-
The Ohio codes are further restricted in applicability to moderate
derogations near or on the glide course centerline, and none of
the foregoing models take any account of relative Doppler effects.

Below we develop a unified model of ILS signal reception that
attempts to reach a higher level of completeness and correctness
for actual receivers than the previously used models. In the
course of the derivation, a number cf approximations are inevitably
taken. While it is feit that these are all reasonably Jjust:iiied,
the overall conseguences of the model should be verified by empir-
ical data. The treatment does illuminate the relative signifi-
cance for the detected ILS signal of carrier and sideband dephas-

ing ané of CDoppler effects on receiver dynamic response.

3.2 RECEZIVER MODEL
Localizer and glide slope signals are assumed toc be detected
by hetercdyne AM receivers similar in basic design to the sche-

mmatic diagram shown in Pigure 3.1. The figure indicates generally
G g g g ¥

how the 90 to 130 Hz modulations are amplified, detected, and
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separated and the difference applied to one of the movements of a
cross pointer indicator. The sum of the 90 and 150 Hz outputs is
held constant by an AGC feedback loop, so that once calibrated, the
instrument gives a faithful readout of the apparent CDI (course
deviation indicaticn) whenever the incident signal radiation ex-
ceeds a minimum level.

The guidance radiation field {localizer or glide slope) is
coupled to the receiver input via an antenna which may be assumed
to have specified directional and polarization characteristics.
Any antenna used in practice may be treated as a linear systemn.
This fact allows us to consider the scalar current transmitted to
the receiver input load as the resultant of individual currents
generated by various electromagnetic field components incident on
the antenna. We shall assume that all incident component fields
are trensverse and harmonic, and so are adequately described by an
electric vector E and a unit vector k in the directicn of propaga-
tion. For a number of such component fields incident on a speci-

fied antenna, the receiver input current can be expressed in the
form:

I. =1 I,
J

6(23.3 . Ej (3.1)

[
t

where Eik) conveys both the gain and polarization characteristics
of the antenna for plane waves incident in the direction k.

The ILS radiation fields to be considered may be generated by
multiple element antennae and/or waveguide radiators operating on
one or two carrier freguencies. 1In every case, a number of dis-
tinct directional modulations are radiated, each in a specific
spatial pattern. The separate directioral waveforms are comprised
of certain combinations of 90 Hz and 150 Hz amplitude modulations
with prescribed carrier phases, added to unmodulated carrier in
fixed ratios. The .aeasured CDI at a particular aircraft location
is based on the relative strengths of 90 Bz and 150 Hz signals
detected in the resultant of all direct and scattered ILS radia-
tion reaching the receiving antenna.
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In treating the total rxeceived field numerically, we will
consider the individually computed components to represent radia-
tion travelling approximately by specific point to point paths
betweer the transmitting antenna and the aircraft. To each such
component field computed at the receiving antenna, there corre-
sponds a component of the amplified signal at the cutput of the
receiver IF stage, which can be suitably characterized, in the
most general case, by its carrier and sideband amplitudes at the
two carrier frequencies. To state this in convenient complex
rotation, we put:

—-im t + is

- c p
Vigp(t) = e (c? + sp(t))

—ielt + i)
+e € L (Ci; + S{,(t}) (3.2}

Here, «_ and sé are the primary (“course®) and secondary {(“"clear-

ance®™) carrier freguencies respectively, ¢ and ¢°' are the cor-

%
o
&

v

responding phase delays for the spec1fic propagation path denoted
by the subscript p: is and C; are the respective unmodulated car-

rier amplitudes and S_{t) and S} {t) are the envelopes of the side-
b

bands—-only cozponents. Since the modulation fregquen:cies 90 liz and
150 #z have a comon subharmonic of 30 Hz and are a“wayvs rigidly
phase-locked, each sideband envelope can be repres:anted as a two-
term Fourier series:

S?it} = “?3 33(») S;S Ss{t}
2 s = 4 b4 - o~%
s_s{..} 5?3 3(») + a?S ustt}. (3.3}
where
UE(t} = cos 60 ==t. (3.5}

The terms C_, C), S__, S!_ include as factors the relative

streagths of the initialiv rzdiated carrier and sideband amplitudes,

the path attenuation due to f{ield Sivergence, reflecticns, etc.,
e-f-

and the gain factor for the cir n of incidence on the receiving
e - - . -
nienna g X, }°E 5" The total complex iIF cutput signal is the su=

of Scuatics {3.2} over all =uitipath =cdes p.
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This is passed to the second detector which generates an audio
frequency signal

Vap(t) = | § Vigp(t) |- (3.5)

Determination of the CDI is based on the relative amplitudes of
90 Hz and 150 Hz components found in this audio signal by passing
it throush selective filters. Denoting the action of these
filters symbolically by the operators ng and ELSO (to be defined
presently), we may represent the outputs of an LS receiver as

Vgo(t} = Hgg Kvar(t)] (3.62)
i = K 7 - 3.6b}
7150(t) = Hygq Vo (t)]; (
Vi enVan mi
DI = s_ 150 90 microamperes (3.7)
¥150"V90

In Equation (3.7} the factor Sn is %..c cross-pointer sensitivity
which has the standard values 387.0 for localizsr (horizontal)
si¢gnals and 576.0 for glide slope (vertical)} signals. The magni-
3 T
tudes ¥158 and ;es
- =3 3 {* nee T +
modulation tone signails Visalt) ang Vga(t).

are cobtained by rectification of the detected

3.3 AUDIO SIGNAL DETECTION

3.3.1 <apture Effect

we now seek 2 reascnably accurate estimate of the detected

50 #Hz =odulations in thes gemeral multipath, capture effect situa-

:;}
3%

the forz= of a2

gl

tion. For this we need an sxpression for V;?
Fourier series, and we need suitable definitions of the filter

gcperators Ego and ngO‘

I+ is the possible presence of many signal derogating scatter-
ers in the glidepath envircnment that makes analytical derivation
o v, _{t) fre= v () difficult. Secause of the receiving air-

ar ir

craft’s =gtion, each derogating signal is recelived with 2 possibiy
t I

g3
relative to the direct

ey
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il
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The consequence is that a range of frequencies may generally be
present in the audio cutput of the second detector, instead of sole-

ly the modulation tone frequencies. The action of the 90 and 150
Hz filters on such complex signals must be considered.

Additional spurious signals occur in reception of radiation
from capture effect transmitting systems near all harmonics of the

8 kHz carrier separation frequency. This fact allows a convenient
reduction of the audio signal analysis problem, if the capture
effect of the detector is treated first. We follow a procedure %
suggested in part by Hanney.s The total IF output signal may be .
written as:

gl mm”
A A L AR R
L i D 611, 0

iict -iwct

Vip(t) = Al(t) + e A, (t)] e ’ {3.8) i
= where: ]
= z is
= - 5 P
1 A t) = (Cp + a‘) e |
= P H
= AN i3’
E . P
1 A,8) = 2 (cl s e
= P )
] 3, = s, - s(': (3.9)
5 The audio signal (Eg. {(3.5)) can now be expressed as 1/2 ]

2

S
W

} {3.18)
3
Now the scale ¢f the tise variation of the co=plex freguencies ii

. 2 R -iéct
v.elt) = [lAI{t)i + §32(t + .-.ae(a.l(t;azqt)*e )

il
TR

PRI
A O 0 BN 0 N

and 52 is given by the modulation freguencies 90 Hz and 139 Hz or
perhaps by the latter fraguency shifted by the upper limit of ob-
servad Doppler displacement. In the worst case for glide slope
signal reception, the freguency spectral range of 52 and 52 is

hly

il

-

certainly less than 500 Hz, which can be considered small cozpared
to éCJZ= = 8 kHz. Accordingly, we may expand the instantaneous

A

LR O

iy ma

value of vas(t) in a power series in exp (i2 %), i.e.:
A

LA

il
i

ni
v, {t) = E v (tle © (3.11)
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In this expression, because of the spectral narrowness of the
factors Vn(t), the term primarily contributing frequencies within
the passbands of the modulation filters is V {t}. This term can
be defined by averaging the expression for V (t) (Eq. (3.10))
over the phase of exp (12ct), i.e.:

I 2, , 2 ata-ivy 1172 .
Vo lt) = 1/2/ lgAl(t)i + [a,(t)]° +2Re (a,2%e )] as  (3.12)
0

This integral is easily transformed to:

=/2 -
. 7 2 2 Yz
v ey = |2(}A (&3] + {az(zyi)/zJ[ (1-x°sin®s) @

"

{3.13)

where:

w
Il

ala) (33, () /(a0 | + [a (e 2

[~4]

8 = (&4

12}/2

2 - * - = I
12 = aay/iaga,l

11
f

The integral oa the right of Eguation (3.13) is a2 ccmplete elliptic
integral of the second kind and is cai=sonly denoted by E(k}:

Elx) =

LS
ol
t
s
frem—
l\\u’
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Thus for the purpose of determinin
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modulations, the unfiitered audic signal is to a good agg:oxiaatica

v = 2 (a1 ¢ I Em (3.15)

To put the above expression in usable form, we =ust carry the
approximation somewhat further. Let the =magnitude of amplitud

{t) be the su= of a comstant average value a and a zero-sean

A o1

time varyiag function a, (t}:

{t) {3.1is8a)
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The quantity al(t) represents the total modulation that would be
detected if the second carrier were completely absent. Similarly,
let

[a,(0)i = ag, + a,(t) (3.16b)
Inserting Equations (3.16) into (3.15) ané treating al(t) ané azit)
as small quantities, we obtain an expansion for VE?:
© n n
a, \pfa, \g
- -0 2n {72 V172 Vifa \x -
VM_.(t) = a, z 2 z :quko (aol) (aoz) (ao) (2.17)
n=0 p=0 g=0 r=0 \
Here:
ao = aal + 832
a(t) = a;(t) + a,(t)
2 _ 2
kg = 42391292/3,
?';;r =1 ; n=0, r=0,1

=0 ; n=0, r>2

r+i 2n(2n} ! {(r+2n-2})1!

= 1 ,4n

(s!)zin-?): p: (n—ag)! ¢! r!
n > 1. (3.18)
After rearrangement we find “hat the series begins thus:

'e‘:_,‘?(t) =2y, ta,, * altt} + az{t)

-
-3
.n .2n s 201 %02
+ z To00%0 [ae‘z"’aoz"(‘ " ag; )al(t}

a -2 1
+ 1—.-95-§=) a, (t)
02

‘-

L 4 - 2 -

(?(n‘i) {24y 3523 /2 naolasz)
{t)/a,,a,(t}/ 72! ]

1181/39;73; a02) aoJ

]
[
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4.3
+ 0(k0a )

{(3.19)

= 2
(@g1¥2gp) (1 = 393395739 ---
. 5 2, 2
+ al(u) (1 a02 /ao cea
2 2
1 - 7 -
+ az(t) (1 ag; /24 o
¥ .a.
Suzmzming a finite number of the terms constant and linear in al(t)
and az(t} gives an accurate representation of the audio signal

V.o (tj when the parareter k,<<l.
-

The convergence of the series as

k+1 is not easy to discuss becausec the m=sdulations of ILS trans-

nissions are quite high (40% in the case of loccalizer signals, 80%

for glide slope signals).

3.3.2 Decocmposition of Single Carrier Enveloges

It remains to f£ind suitable Fourier expansions for the sepa-

rate carrier envelopes A, (t) and az(t}-
assume the position of th

n‘ A - ?
Dnases sf?. a?
effects by varying these phases.

=

The analvsis procesds below for éiit) and is
éztt)- we have
a e = E(CS * Ssét))e ¥
’ 2o\ 12
= L & S{t} C + 35 (t) J ]
where o
= ~ u?e =
is
s{t) = 2 5, (t)e °
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In this section we will
receiver to be stationary, so that the

are constant. In the next section we treat Doppler

{(3.20)

{3.22}



We may put:

iel
c=]c| e (3.23)
'iel .
S(t)e =X + iy , (3.24)
and, if |s| < |c], we have:
A (t) = 1c|[i+23/ic: + (x2+y3)/|c]2]1/2

_ 2 121

= {cl + x + Y'@lchr Ta-x/lcl + ...) (3.25)

The quantity X represents the sideband component of the received
signal which is in phase (or exactly out of phase) with the un-
modulated carrier. The quantity Y represents the sidebanéd compon-
ent which is in guadrature with the carrier. The nonlinear terms
of Eguation (3.25) may be further expanded in a series of all har-
monics of tle fundamental frequency 30 Hz. However, we note that
the lowest »rder term Y2/(2!C|) contributes no correction to the
90 Hz and 150 Hz frequencies. The higher order correcticns will
be considered unimportant for the present application, Thus in
the notation used above, we have

agy = c] (3.26)
a,(t) = 25 Sp303(t) + spsus(t) cos(¢p~el)
= z z a ., U (t)cos(¢ -8,) (3.27)
p m mlp m p 1
Similarly,
agy = et (3.28)
az(t) = Z‘z amszm(t)cos(éi')-ez) {3.29)

In the above, the carrier phases are determined by

z C sing
pn pn

en = arctan 7: c coso . (3.30)
5 pr pn
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where
(Cpl' Vpl) correspend to (cp, ép)
and
[ [ -t
(C?ZI vpz) correspond to (Cp, vp).

3.3.3 Doppler Effects

As a landing aircraft moves there are relative changes in the
phases of the various multipath radiation components of the ILS
signals received. The amplitudes of the 90 Hz and 150 Hz terms of
the detected modulation thus varv with time, and accordingly, each
tone acqui s a frequency spread. Since the relative Doppler fre-
guency between direct and s-~attered radiation can be as much as
120 Hz in some cases for typical landing approach speeds, the
bandwidth of the modulation filters becomes important in determin-
ing receiver dynamic response. The effect envisioned here is that
certain greatly Doppler shifted signal components may either be
severely damped by one filter or unexpectedly passed by the other
depending on the circumstances of receiver design, aircraft speed,
etc. This is independent of the intentional RC damping that is

always introduced into the cross pointer indicator circuits.

To evaluate the possible magnitudes of such phenomena, we
consider a particularly simple model for the frequency response
of each modulation filter. Though the characteristics of this
filter may differ markedly from those of filters in actual re-
celvers, the model is adeguate for studying the general effect of

filter bandwidth on receiver rejection of ILS interference.

The two detected tones which emerge from the modulation fil-

ters were earlier denoted by V_.(t) and VlSO(t) (Eg. (3.6)). We

90
now define these more preciselr: Let
o
Vgo(t) = /f hgo(:) VAF(t-?)d?, (3.31)

(150) 0 (150)

where hf(r) is the impulse response function of a narrowband filter

corresponding to center frequency f. Following Middleton7, we
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represent the narrowband filter by the response function
ho (1) = hy(1)cos(2nfT+y)
and we select as the particular "window function”

hO(T) = 2/T 0<1<T

=0 otherwise. (3.32a}

The output of such a filter when driven by a sinusoidal input
A cos(er t+4 ) is approximately

Vf(t) = (A/2)51nc(n(f-f£)T) -

cos[2ﬁft+62+¢+23(f2-f)(t=T/2)] (3.33)

whenever f+fi>>T—l. The reciprocal of the intergration time T is

the nominal filter bandwidth. The phase ¥ is purely additive and
so miy be dropped without loss of generality. For brevity we will
put

Ho(f) = sinc (%fT).

To derive results pertaining to the ILS audio signal (Eq. 3.5}
from Equation 3.33, we assume that the phase shifts of individual
multipath components due to aircraft motion lead to sinusoidal
time variations, and we will neglect the time variation of ampli-

tude coefficients. To this end we may write Equation (3.19) as
VAF(t) = Bo(a01+a02) + B (t) + Bya (t) (3.34)
where the B's can be defined in terms of slowly varying amplitudes

that will be considered constant and the a's (as defined by Equa-
tions (3.26)through(3.30)) will contain typical terms such as:

= 1, -€3
amppuw(t) cos (3 p n 1/2 amnp(cos(so-mt+¢np(t) n(t))

+ cos(60¥mt-¢n(t) + én(t))) (3.35)
This form shows that for each multipath component the audio modula-

tion freguencies are modified by sum and difference combinations
with the relative Doppler freguency d/dt(enp-er). Considering all

s o o g o e s . o 3 wann ahsin o
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combinations of input modulation frequency and Doppler shift which
may give net frequencies near the filter center frequencies f, we
find the following significant terms in the filter outputs Vf(t)
fnotation will be detailed below):

1. The average carrier level received by paths with Zarge

Doppler shifts gives rise to a contribution from each

filter
¢ -8 ;727 =ET/2+8 -
B ji:i f+(v n,/2 tees (27ET/2+ n np) (3.36)
2. The modulation &t one frequency modified by a moderaze

Doppler shift gives rise to a contribution in the output

of the oppcsite frequency filter

1/255 jz 3nnp O(Af)cos(ﬁﬂnnt+(2u fT/Z** -%..)) (3.37)

np

Here the upper or lower sign is taken for filter freguency

= 90 Hz or 150 Hz respectively and

- s -8 )/2%.
[£-30_ ] + (¢ -8 )/2

3. 1In the case of equal modulation and filter fregquencies

the output contribution is

-8 2% =£
ﬁ? Bn - Amnn 0((‘ np “n)/' Jcos2=ft {3.38)

The total detected signal at esach modulation frequency f is
the sum of the contributions 1, 2, and 3. It may be noted tha
only the phase of 3 is well defined in relation to the phase of
the transmitted modulation. This confronts us with the final
problem of this development: we must calculate the ractified
signal derived from each Vf(t) which is passed directly toc the
cockpit panel instruments tc generate the CDI display. A reason-
able approximation can be reached by assuming the relative phases
of contributions 1, 2, and 3 to be random and defining the finail
ILS signals as being the r.m.s. envelope of the V_(t) obtained
above. We thus arrive at the final formula: }
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T2 2 S S
v = ILBG E Eamnp Ho (£4 (3, =8 )/27) ‘ m=0
|
{f # 30m>0

+ % B Z a cos{:_ -% )H ((‘—é -3 )/25; 172
n B mnp ne n "G np n
f = 30>

(3.3¢2)

again the upper and lower sigas refer to f£ilter freguencies of 90
Ez and 150 Hz respectively. As a practical considerztion, each of
the terms of Equation {3.39) can be accummulated as the individual
path attenuation factors a- are calculated, except for the co-
efficient§ Bo’ Bi and Bn’ the reference phases Sn and Doppler fre-~
quencies én‘ To facilitate this method of computation we adopt
the approximation

n = 2= :'i_t—/;" (3.40)

i

where R is the instantaneous range of the receiving aircraft to
the transmitting antenna and % is the carrier wavelength. The

remaining notation of Equation (3.39) is explained in the following

tabulation:

F
S

modulation filter fregquency 90 Ez or 150 Hz.

o = transmitted harmonic of 30 Hz; m=3 for 9C HHz, m=5 for

150 Hz, m=0 for constant or un=odulated carrier terms.

éna = phase delav of a particular transmission path to the
receiving antenna.
= = time derivative of 4__.
np s l?

carrier amplitudes at the receiver relative to the trans-

mitted carrier phase (defined by Eguation {3.30}). For

coarse signal n=1 and for clearance signal n=2.

£ = approximate phase of the aggresgate of direct and reflected

VMR 0 3800601 0 00 a1
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carrier (m=0) or modulation (m=3,3) amplitude
cemponent in the received audio signal due to

transmission by path p on the course (n=1) or

clearance {n=2) carrier.
_ N ?ﬁ . 2n
B¢ 2, “o00®0
=0
- I ™ _
B = 2 Tooo®o [17R(3g;3p3)/3p, ]
n=:
B, = z B kznll—n(a -a,,)/a, ]
2 00070 o2 01 02
n=0
TR oo’ k,? = special ccefficients (defined in Equation (3.18).
The guantities v}sg and vgo determined by Eguation (3.39) are

inserted in Equation (3.7} to cbtain the undamped CDI which would

be generated by a moving ILS receiver. The “dvnanmic™ CDI, which

incorporates the effect of the RC damping circuit, may be derived

o

rom the undamped CDI by the usual numerical tachnigues of filter

simulation.

3.4 MODEL STATUS

The detection model regorted here has been incorporated into

a computer multipath interference simulation program which is

n~

currently under develop=ent. To this writing, all resualts have

with expectation. Additiornal confirmation will be

been consistznt

sought by comparing model gredictions directly to measured re-

ceiver characteristics.
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4,0 FORMULATION OF ELECTROMAGNETIC SCATTERING BY
IMPERFECTLY CCNDUCTING THIN FLAT SLABS

Predictions of ILS signal dercgation based on the assumption
of perfectly reflecting scatterers have proven moderately success-

ful in a variety of typical problem situations. Yet the validity
of the perfect reflectivity assumpiion is open to guestion
c

i
sharp angles of incidence on non-metallic

To extend our capability for predicting reflection from such
structures, we develcop here an approxirate model of scattering
applicable tc flat walls or platforms of arbitrary homogeneous
electrical properties. The formalisn is general with respect to
orientation of scattering surface and is therefore suitable for
treating properly the polarization of scattered radiation. How-
ever, to avoid dlfficult cuestions about field boundary conditicas
on end faces and at face edges, attention is restricted to thir
£lat plane parallel slabs. For cooplex structures which may con-—
sist of a number of thin siabs in coxmbination, the proble= of

multiple reflections remains inadeguately treated.
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the treatment of scattering t
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1 given by 2 < 2 transmitted wave exanating frozm face S, also

oropagates in the incident direction :i' The relaticaships between
= h in
= =
=
< %
| C &
= wave approxizste fields are %
= _ - ge - _ %
= . - . o 3ilen -{r-cj - =t} {3.8) =
= 2. ir) = E_izje = g
= i Y
- - z
: . e e . ifxA_-(r-s} - =t 3.9) e
: E 5 =R-E Gle T E
E i{xA_- (F-3<DA) - =t}
= - E ir} =T - £ _icle = {1,319}

= where R and T are, as vet, undefined reflection and transmission
= dyadics. In the following, the periodic tize dependence wili ke

suppressad, but is still understocod.

: o T -~ - & = & = 3 2 ¥ o S . 3
= : Taking vantage of Eguaticns {3.4) through {$.7) and
= : th2 reizticns:
=1 = - - -
- s = sec =
= o 2=l By T XZEn. X T,
= 2 3 =
- . -
. -y =
iz H_ = ikn_ X E_
= = r 4 -
z -
= - e
= = . - -— - -e » - -
- fsr H = iXxn, x E_, {$..1}
- i -
=
E
£
=
=
=
=
=
-3
7%
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we are able fo reduce Equation (4.3) to a single surface integral:

f- -~ - -~ - -:-"’:
- |rx mxE) - (BxE)) x r'] eltelr i9’9-*’) (4.12)

where the transnitted field §t associated with the position vector
o is evaluated at the point o + Dn of surface S,. This result can
be expressed algebraically as an cperator acting on the incident
electric fieid, if we now introduce the dyadic relations (4.8)

through (4.10):

- - IS r’ - ‘-.
E {r')=u—¥_(—}—r'x r'x ds
s z <,

) i
-

(mmg.n = - - 32(r'ia
+iar’s3 A-n-{f"'-n.} If R e (x*i2)

- P '}(-' A}

-~ -g - -~ ‘;‘i -— 2ir _—*Dn - -
- ar'eg‘aia—a- {:'ﬂzi} I| T e : ) - 2 (2) (4.13)

3 - -

M
]

1)
i

{ar*#a_n) -

2
-

A(E'-X) + 8. 5-F), (4.1%)

etc., where X is an arbitrary vector; the icextity dyadic is de-
—
noted by I:
b - -
I-xX=X
Al R Ay
I1-8=R {$.15}

To reduce Eguation {§.13) to its =ost coavenient form, we assuze
that the largest siab dizension is smuch smaller than the distances
to either tne radiation source or the point of detection.
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This condition m=ust holé if the far field approximations being
used are to be valid. This being the case, we will neglect the

variation of x’xi, z'ir. and T" over the slab face S; and set each of
these vectcrs to its respective direction at "ﬁe fixed refersnce
point O. We shall also expand the phase ccrrection z(r®jz+bn) and
k:ep only the lowest order term in the dimeansion D, i.e.:

-

R ~ -, A ~
E{r'ic+bn} = a{r'js) - kb({xr'-n) {

e
L]

ol
[44]
L

This simplification permits us to write (3.13) as:

- ikF{') S 2. o / T 0
s = 3 J (2;.1',0) dsZ_(s)e
S3

X
[

trid

ﬁu

-
|

(4.17)

Eere
e iy oy e
~ - ~ - ES o ~ A -- e : . ip_a T
3{::3:,:',3} =r* x{r' x ((zzr'-!-ni - n-{x h.i}z)(I.R Bx)
. £ ‘-.A.& s
" -—T3T
+ 2( si,(I nn} R (4.18) E
=
E
with

. = e-if:s(: -0} {(3.19}

and where we have used

=}
]

(I-28a) - A (5.20)

r i
The application of the foregoing results to scattering by a

perfectly conducting siab can be made by putting

e
R=2nn - 1

Equation {2.13) then reduces to

= -y ik x'; =3 ] g ] =~ - o > -} iz :'r:‘-E
g (r') = ’“—22(—5- r x(r x/ ds{%-- (3) 8. - (A-5.)F_ (3M e33(5 o))
F

od
(%Y




To extend Equation {4.13) to the general case, we must now
make a detailed analysis of the slab boundary value problea to
determine the dyadics R and T

4.3 REFTLECTION AXND TRANSMISSION OF PLANE WAVES

BY AX INFINITE PIANE PRRALLEL SLAB

In order to apply the iocal plane wave approximation in cur
estirnates of scattering by thin slabs, we solve the boundary value
oroblex for a plane wave incident on an infinite plane parallel
slab of thickness D, with homogeneous electrical properties €,
and o which separates two regions of vacuum. 3Because of the plane

sy=metry, the problem i35 two-dimensional, with the incident, re-

flected, and transmitted wave normals at both slab surfaces all
parallel to a cos=on plane of incidence. The incident wave of

A

arbitrary polarization can most easily be treated by decomposition

into an "E_" component, with the clectric vector normal to the

plane of incidence, and an "Eii" component, with the magnetic vec-—

tor normal to the plane of incidence. " We treat the E, case first.

The several secondary waves generated by an electromagnetic

wave incident o» a slab boundary S; are illustrated in Figure 4.2.
- - - - - - - 2

On the incident side of boundary S5,, we have the reflected wave E
= Y1 T

in addition to the incident wave §i. In the slab medium, we have

il - -~ - -
a "forward wave Ef and a "backward wave" Eb. Outside the slab on
2 we have Et' All of these fields are
= nornal to the plane of incidence, and we =ay drop vector notation

M

the transmissicon side of S

I

= for these components. We dencte the vaiue of a f£field at a sizb
= boundary by a subscript 1 or 2; the wave norwmals are denoted by the

% vectors ai. nr, n_, nb, and n, {= ﬁi), as shown in figure 4.2. A

plane wave in the slab has a co=plex propagation vector K. The

rty

real part has the direction of either n, or ry and determines the

surfaces of constant phase. The isaginary part is parallel to the

AR Tl

boundary normal n and determines the surfaces of constant azplitude.

-

tside the slab, the propagation vectors kni and kn_ are real,
ith k = 23/,

ikt ‘

1 Following Stratton,” the boundary conditions at surfaces S,
== =
E and £, for the & polarization can be written:

74




R

TR

Figure 4.2.

Wave Normals of Reflected aud Transmitted
Electromagnetic Fields Generated by a Wave
Propagating in the Direction n. Incident on
Boundary S3. The Reference Nofmal .c the
Plane Parallel Slab Bounded by Surfaces 3

and S2 is n.
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E; + E. = Egy + Ep, (4.23)
L (@kpE; + B-RDE)) =Bk B, + @GR E (4.24)
By i1 r’’r}) wu £7f1 b""bl )
Egp + Epy = B (4.25)
l N ~ ﬁ‘jzi
i {(n-Kf)Ef2 + (n-Kb)Ebz] = ——;—-Et (4.26)

Two additional conditions on the six undetermined variables are
needed; they may be taken t» be:

i(R-Kk D
Ef2 = e Efl (4.27)
B Egy
Ebl =B Eb2 (4.28)
where we have used
Ak = - Bk (4.29)

which generally holds for plane wave reflection. By making use of
the similar relation

~ - A A
n<k. = k n+n.
i i

= - k fi-f {4.306)

-~

we can reduce Equations (4.23) through (4.28) to the sclution feor
the normal electric rector components:
2y 2
(1-875 (1 VE)

E_= - = E. (4.31)
— 7 7. .5
[anvg® - 8% a-vp) ]

RgE;

]

dvgB
E = E, (1.32)
. 2 2 2171
[arvp? - 82 a-vp?)

E "1’
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(4.33)

Y
E Vo(n'zf) é

We wish tc¢ calculate the guantity zf-n. We have the expansion

-> A~

ke = nin-gg) - n x (ﬁxkf). (4.34)

We also have the boundary condition

n x Kf =n x ki (4.35)

~
where ki is the incident wave vector.

M

Then

Uy Bt L0

R4
rabo
0
EE
*
ol
m
Nt
X

+ [ﬁx(ﬁxii)] . [ﬁ x (ﬁx’ﬁi)]

‘\

= (A-kg)” + (Axk;) *(Axk;)

2 2 . 2 .
+ ki sin ei (4.36;

"
ER
7

Hh

But we have also, as shown by Stratton,l

2 - W%ue + i wuo. (4.37)
Ke

From the above equations, it follows that

0TS, R 1

e b A it st g o o 0, T gt e s

L~ . 2 .
(n-gf) = vrwzus - k2 sin ei + 1 wpo : (4.38)
hence :
. k cos & :
Y. = = (4.39)

E u
° J wzu(e+iﬁ/m) - k2 sin2 ei

)
: I =, -~ ] .- P -
1Dv-u; v {ericfud - 07 sin® 2.

8 =e * (4.40)

For the E:, polarization case, the magnetic vector is normal
to the plane of incidence. Evaluaticn of the transmitted and re-
flected waves follows from the set of boundary conditions similar
to (4.23) through (4.28):

Hi + Hr = Hfl + Hbl i.41)
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Ak, A-K

1 _ - f _
; so (Hi Hr) is/e (Hfl Hb‘_) (4.42)
Hfz + Hbz = Ht (4.43)
) 2f ﬁ'ii
CeiT7m WgptH,) = e Tt (4.44)
- Hep = 8 Hgy (4.45)
Hy, = 8 H, (4.46)

We obtain results analogous to Equations (4.31) and (4.32) above
wlth‘yg replaced by Yy’
(c+io/uw) ﬁ-ii

Y a2
H o
eon Kf

_ L {e+ic/w) .

2 ¥ Ee ¢ .

- (e+ic/w)k cos &,

: - (4.47)

= e ‘ﬁ?"(:+ic/m)- k2 si’x2 8

= ) AT RS

1 H_ = Ry H; (4.48)
H, = Ty H, (4.49)

(1-v2) -8%)
= - {4 50)
E (1-8%) (1+v5) + 21+8%) v,

4y,38
T, = 2 (4.51)
B a-shyamd) + 2aesd)yy

To use (4.31), (4.32), (4.48), and (4.49%) ir the general case,
we must decompose the incident, reflected and transmitted electric
vectors into polarization components normal and parailel] to the
plane of incidence. For example, the component of an incident wave
perpendicilar to woth the boundary noxmal fi and the wave normal fi,

i
wmay be expressed by the eguation:
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b e

- i ~ ~ A o o>
E. = —— (nxn.) (nxn.-E.) (4.52)
is sinze i i 71

i
In anticipation of dyadic relations to be developed shortly, it is
appropriate tc introduce a special dual set of basis vectors to

express such polarization relations. Consider the linearly inde-

pendent basis:

e, = 2
1 sin%.
1
n.
e, = ——
2 51nvi
-~ n x 55_
_ 12 =2
e, s {4.53)
(see Figures 4.3A and 4.3B).
These vectors are dual to the set
el - L (A-G-R;)3; )
sinég.
i
+2 l ~ Pl -
el CARICIERLY
-3 1 A A
- . 4.54
e sing. (nxnl) { )
in the sense that:
2.3 - s 55
. e;-e °ij {4.55)

s
o 4,‘m“

(PR

The set {el} is the appropriate basis for representing the incident
= electric field on a medium interface normal to fi. If we make

E . -5 )
E; = (Ei)j e (4.56)
where the repeated Roman index here and in the following will imply

a summation

2 then:

=1,
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Figure 4.3B.

COPLANAP o prawt

OF InClopece

Geometry for the Vectors 31, 32 and 33. x',y',2?
Form a Right-Handed Triad, 2z' and y' Lie on the
Surface of the Slab. z', nj and fi Lie on the
Plane of Incidence. Then e3 is in the Direction
of x' and is I to the Plane of Incidence. (z2' is
Not Necessarily in tae Vertical Direction.)

Y

Geometry for the Vectors 51, 22 ang &3. z', &j

and fi Lie on the Plane of Incidence, e3 is { to
this Plane, While el is Parallel to it and is i
to n..

i
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(Ei}j = *E;

2

3
Upon comparison with Eguation (4.52), we see that EJ(€3'§i) is the

i
perpendicular component Ei . that (ez- ) 1is always zero for a

it by

i
o - > - - - -
transverse wave, and the el(el-Ei) is the parallel polarization

component of th= incident wave.
The reflected and transmitted electric vectors for each polar-

ization are now easily calculated. First, in the perpendicular

oolarization case we have:

- - *3 - = £ =
grs = RE e (e3-ni) {(4.58)
3, =7 53(6 3 ) (4.59)
“ti E 371 °

In the parallel polarization case, we have:

a4
|

!
»
]

=
it we o, } 3

ef

= - Ry mgonp x Hy

-

~ ~ -tl - -
= - RH “r x (nike )(el-Ei). (4.60)

By a similar analysis, we find:

-E.) (4.61)

- T ~ (a. "l) ’-t
L = - n. X n.xe e
i i i A S |

thl H

Since the sum of the two polarization cases gives the total re-
flected and transmitted fields, we are now able to write down the

-~ “——

dvadics R and T:

b - _ ~ ~ bl *3--
R = RH n_x (nixe )e1 + RE ee,q (4.62)
hing -~ T ~ +1 - +3

= - 7 m ‘
T fH n; x (nixe )e1 + Tp e7eg (4.63)

Here, n is the wave normal of the reflected wave generated Lv the

given incident wave in the local pla..e wave approximation, i.e.:

-

n_ = n; - Z(noni)n (4.64)

el




R

0 61
R A

‘ i fi
bty (R R B

e R A

i
™

I .
‘”m'”ir‘hl' il Rl y‘rt.l,\|4.‘| i

We may insert the expressions (4.62) and (4.63) into Equation
(4.18) for the scattering dyadic:

F (ﬁi.i-'ﬁ) =Ix {E x
r(l-'v'r)(rx (nxe ) +nx (nxe )) e,
+ (1-o.T )(rx (nxe ) +nx (nxe ),e
- Ry (£ x (x(x @x8h)) + & x (A, x (x ;xeh et

+ R (Ex B8 +Ax (ﬁrx'e‘3))é3]} (4.65)

The equation can be reduced by noting such relations as:

-3

nxe =- (ﬁ-ni)e (4.66)

Axed=-22 (4.67)

Ay x P P& (4.68)

~ -

A, x & = P (4.69)

A x (A xe) = (R-A,)e> (4.70)
b i -

The form thus obtained is

5’{ni,r,n) =rx {r x

[(1 - T ) (n +(n-n. )r} x e3e1

- &, (5 - (R-R,)E) x &%,

- -— th +3)+
+ {l1-a 'r ( rxe (n ni)e e3

+ R, (—i- x &2 + (ﬁ»ﬁi)33) 33]} {4.71)

It can be checked again that, in the case of a perfect conductor,
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R, - +1
F--ix (px [0 ¢ 633%,)) (4.723

as they should.
4.4 SCATTERING FROM & SLANTED RECTANGULAR CONXDUCTIVE SLAB

In this section we will calculate the far field scattering
from a slanted rectangular conductive slab, the top and bottenm
edges peing parallel to an infinitely conductive £lat ground plane.
The general method given in Sections 4.1 and 4.2 will be applied

to this problem. Figures 4.47A,B and C show the geometry for this
problen. ﬁi, the incident wave direction, is approximated by R',
the unit vector from the antenna to the reference point 0 on the

nidpoint of the slab's lower edge.

n; = &' =1 cos3; cosz + j cos§, siny + Kk sing {4.73)
where
Ino = . . /Rt
sing, (4 HA),R
8 = t
c:*::s-l Dpl/R
r.z 271/2
' = D + IM_} /
R lD?l + M BA) ]

The incident electric fieid vectors (with the inclusion of
ground reflection) for small elevation angles is
A ikR ik (22'8, /D )
(e) =G Ej £(5) S— |1-e AP

-

t,

° (4.74)

{Compare Eg. (2.58).) Here, the angle

-1

¥ = tan (yllxl}.

Xy and y, being the horizontal coordinates of the reference poin
A

0 on the slab with the horizontal edge of length L. We make the

approximation D = D,y and again from the expansion

&
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-1 bl } - 2 Se_ A 2] s 2 14 =
: R=R'+R"-2+ |s° - (B'-0) é;za T {4.73)

- < s o 2 cne s
we obtain (supposing tha<: ko /2R"<<1) the Fraunhoffer approximation

for the incident field

ikR ixR* S, o
<z ik 2

W
n

{£.76)

f| ] 1
Rt

eld from a congductive

] s Sikr?
] = -2 e kr 5_;.
Z ~ec = 2= Tt

= x{é' xl((z‘z-ﬁ-) - (5-5-;) /és.;:: (2) x e‘*“"“r'/—"’l (4.77)
3 i fo) ,

where S1 is the illuminated front surface, and where

b

il

: L(E/3) = - kieD + k[sz - {é-é)z] /2r 4..... (4.78)

it

In the czlculation in this section we assume the Fraunhofer

AR

field condition to holdé for the scattered £field,
2 2

gt

% s that

. a{r'/oy = -x 2 (4.80)
= Then,

= - -~ ~ ~ A oA P |

= =r' x ''xin.{n-U) - Ul{n-n. I {41.

= B r ‘{r t{ai{% U) Uin 1)} b {1.81)
- where

iXE_£(3) [ <

= -~ < :‘ L. %] 'R' .
I, = —% — exp [ik(r'+R 3} I_/r (4.82)

L]
0
<
21
wd
€2
L]
o~ o

exp [}kiﬁ"s] [l—exp(ikZz'ﬁﬁ/gol]- exp(-ikg"s)}

. {4.83)

g6




i - - . R .
cos {g+a) + il;os:l cose sin{3cs) + 51n:1 san

= An + BI, (5£.84}
g‘ ol P N - 'y - = Py =
= r's = (ﬂzlz n + {gzlr ) {1.83)
= w2 have

L]
(4]

[
fu
it
o

4
o,
b
v
|
——
-l
N
N
"
=
Pt }
-
b
O\
b‘
[+ 1]
o
g
o
frmm—ny
e
Y
—y
Al
[\V]

"
M
=
il

1 h 28, sintc
- exp {iiZEAH/D / df exp[ik{B-{3,/T") + = :
°

e

D

i m
R

integrating gives

R

5 _ s reaes { -1 ikB'h_ )
zz IC = L[SIRC{S:‘ h/Z}] ;?B'ﬂ' (e 1
oiK28 4/D [Tj;_’i— (e”‘s'h-l \P , {4.87)
1 - P lks ]
where
-T A' = A - %2{’:
—f [ - - T
B' =18 .,2/1'
2 2H, sinc
B~ =B' + “B (54.88)
D
5 withe + % + v, = /2,
:fv A = costy cos{F+ta) = cosg, siny;
& : B = cos®; cosc sin{¢+a) + siz&él sinec
=: : = cos2; cosc cosy, + sin“:l sine {5.89)
| and

il

izj'r‘ -cc»sa2 cos%1 cose + ssi.:'u:2 £ine

sxn:'l {3.90)
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sinsz = (22-5)/r‘ {4.91;

Also in Eguation (4.81) we have

~

n )G = n x (n.x0) (4.92)

)

) - ¢

[+ )

(

i

The induced voltage at the aircraft antenna is

V= c lkxr') - E 14.92)
ve=c {ixy - x [ x(Ax Gpd)]} 1, wen
where Ib is civen by Eguations (4.82) and {4.27). ¥%e have,
finally,
“/co‘;’b = {_}ixg') x E'] x E'} -[ﬁ x (ﬁixc)}
="' x k - [(ﬁixb) x n]
= - 21 - 13 cost, + sing; (RxB)E-A
- ccs3y i{i-ﬁ)} (4.95)
Assuz=ing the unit vector G to be Forizontally polarized
U = - (kxn;)/cosg, (4.96)

we obtain fcr the voltage function

+ sinel coSsc cos(£1+ylﬂ {£.97)

[«

V/c = € Ié s3 int cos:Z.
/c_ X, COS ZLO 1 Si =3

In order to obtain the voltage due to the direct scattering
froz the wzll, we set {see Figure 4.5):

Siﬁiz = {zz—E)Ir' {$.98)
- - 2 21172 -
= [D?z + (z,7¥) E (4.99)

cese, = P?Z!r' {$.100)
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In ordar to obtain the scattered electric field from the
image of the wall, we first fcrmally compute the scattered field
from the wall to a point below the ground plane, which is the same

distance as the observation pcl.ut above the ground plane, and then

"reverse" the horizontal componeant. Since in the voltage equation,

v = ¢_{kxr'
ot )

. Es, (4.101)

~

k x r* is a horizontal

wectox, after formally calculating
the field at the point
multivly this gquantity
celled. Figure 4.5 shows the geometry for this image calculation.
The image field at I'' is obtained by setting

below tne ground plane, one can simply

by -1, since the vertical component is can-

sine, = - (M+i22§)/r" (4.102)
where
i/
r't = l—Déz * (M+iz21)2}*'2 (4.103)
L
and
cose, = Dpz/r" {4.104)
4.5

SCATTERING FROM A SLANTED RECTANGULAR DIELECTRIC SLAB

The ceometry for the scattaring is show
and C.

in Figures 4.4A, B
Many of the quantities calculated in the previous section

(4.4) for the conductive case apply to the -=neral case treated

;%7 here.

f§ The scattered electric field is given by Equation (4,17),

= which can be written as

fﬁ > ik explikyr') oy

By = 3 emUED Fg, 0k -

E _/ ds E_(5) exp[iz:(?'/E)] (4.105)
== S

£ 1
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With the same far field approximations as in the previous section,
w2 have for the inr~ident field on the slab,

- ~
E () =F_ 0 (4.106)
where
0= -0 + (33-6)33 (4.107}

and

PKR' .o, 2iXz'H_/D
e oikRlp [l—e A P] {4.108)

F, = Ej £(y) R

n

-

Then, defining
. = ia(® _ a5 . (4.109)
Ia = J{és Eo(p7 e = U Ib
where

- -3
: =fas r et (4.110)

with

-

A(ZYp) = -k £' - p (4.111)
we have

ikR'

' e .
I = I (4.112)

b - Eg £()

where Ic is given by Equation (4.87} in Section 4.4. <Combining the
previous equations, we obtain for the scattered field

- ¥ . -
E, = F, (FU) (4.113)
where

ik (x*+R?')
F) EO f(w) —I:'i:—-— Lc (4.114)

™

F2 =

[\

The induced voltage at the aircraft antenna is
V =cC_(kxr')-E
o s

~ ~ H ~
= ¢, F, (kxx') - (F-U) (4.115)
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Referring to Equation {4.71) we have:

b ~ _ A‘ A‘ ~ -03 “14a _
F-U=r x{r x[(nxe H J.E.nTH R.&}
~a . P = e
& (RengX-ive TRy (£'x2%) (8, -6)
+ {(F'x8%) (-1+a 7 _-R)
\‘ “°p'ETE
+ {ﬁ-ﬁi)é:’ (-1+o 7 +’RE)) @ -:.)]} (4.116)

If we denote the guantity enclosed by the sguare brackets [ ;
by &, the voltage function may be written as

V/CF, = (kx£') + £' x (r'xA) (4.117)

This can be written as a sum of four parts,

\' \ \ v ) v
= +i{z=="] + + (4.118)
Cof2 (COFZ)I (Cof'z)z (Con)a (Cc? 2)4
We have
2 - nxny (4.119)
3 s:.nai
g N -
e, = n/s:.nai (4.120)
fii. = £ sine sina + j sine cosa - X cose (4.121)
Ry = i cosez sin(8, - a) - 3 cose, cos(d; -a} (4.122)
+ k singy

After some algebra we obtain
(- 1+a T —RH)(e .0)
v A A ”~ A A l\l\l‘\‘1 H
= |- (n-n.) k +{r'xn) + k-{(x'xn.;}
(FOFZ)I [ Y 1‘j 51nai

(4.123)
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where

)
1 (4.124)

-~

{a"n;) = sine cosg; cosy, - cose sing, (4.125)

~

k-(r'xni) = cost

[\
“
[+ 4}
Jod
0
e
e
L)
w
oot
o’
4

1} {4.126)

—-

sinei = [fixfi

= {sinzsl sinzs + cosz:’:-1 cosze + c03261 sinze sinz‘;r1

i/2

- Q - 3
+ 2 sing; cosé, sine cose cosyl} (4.127)

Also we obtain

(c'—vt-‘ )2 - [(i"-ﬁi) k-(z'xn) - (£'-n) f:.{é-xﬁi)]

x Bn-ni)(-1+uDTH+Ra)(el-nil///sinﬁi (4.128)

j = —cose, cos elcos(81+yl) + siaez sinal (4.129)

r‘t.n = -cose; sine cos8; - sine, cose (4.130)

\4 = - Ftun r'-k) - (n.-
(C . )3 - [(r Ry ) (ET-R) - ;-

- (a-n;) {(i-'-ﬁ) (x*-k) - (ﬁoﬁ}}]
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-k = sineg, (4.132)

= ai-k = sin3, = (M-H,)/R' (4.133)

fi-R = -coss (4.134)

» and

= ("—) =- [@spah - @-ha -:?:)]

; COFZ 4 1 b

z x Bn'ni)(-l+3DTE+RE)(e3-Ui]//sin8i (4.135) %
= For the special case where © is assumed to be horizontal f
. we obtain 3
5 (&%) _ sine siny,
= 5 = — (4.136)
= sing; (sine,)?
= b 5 %
; and i
:Z 33"3 _ cos®,cese + sind;sine gsyl

if sin® (sinﬁi)z (4.137)

; In general u is not horizontal in which case we write out th_ ;
= components of &, and &, from Equations 4.119 and 4.120.
3 > 1 s - 2 i ~ =
= e, = m;- [i sine sina + j sinc cosa - k coseg] (4.138)
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- k(cos2, sine sinyl)] (4.139)

IERIREE.

4 ‘)‘ il

2ccordingly, when the components of u are determined the products

VUM a0

§l-u and e3-u can be computed for the general case of a non-hori-
zontally polarized electric field incident on the slanted di-
electric slab.
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APPERDIX A. THE FRESNEL APPROXIMATICH

I. INTRODUCTION

Equations (2.47) and (2.48) of this report describe the scat-
tered magnetic and electric fields in the Fraunhofer zone of a
perfectly conducting scatterer. These eguations represent the
leading terms in the asymptotic expansions of Iguations (2.39) and
(2.42) for large values of the distance between the scatterer and
the receiver. Let D denote some characteristic linear dimension
of the scatterer, and let r' denote the distance from some point
on the surface of the scatterer to the receiver. The assumptions

involved in the Fraunhofer approximation can be summarized as
follows.
r* >> L (.1}

—~

p2/2r << 1 (a.2)

where is the wavelength of the incident radiation. In this
appendix, condition {(A.2) will be relaxed, and Fresnel zone ap-
proxirations for the scattered fields will be developed and then

applied to the problem of localizzr signal scattering by a flat,

vertical wall. The motivation for this new approximation is the
ongoing construction of very tall buildings {aotels, 747 hangars,
etc.) near airport runways. For such structures, condi
is cften violated, at least over portions of the aircra

paths.

II. 2XXALYSETS

The asyvmptctic expansions of Equations {2.39) and (2.32) for
iarge values of r' were performsd upcn the phases and ampiitudes

£ the two-point Green's function ¢(r®,r) and its deriv

- -

which appear in those eguations. The functicn ¥ is given by

{(&.3)
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where kx=2=/%* is the wave nu=ber of the incident radiaticn, anc
and r deacte respectively, the position vector of the receiver ang
the position vector of a point on the illuminated surface of &=

scatterer relaztive to an origin of coordinates 0 whic

B

venience, we locate on the surface of the scatterer. Let O cancts

.
the la

rgest value assu=ed by r=Ir]. D represe':ls some character-

istic dizension of the scatterer. If r*>>D {condition (A.1}}

L 4
of v can be approxizated very accurately

sioply by (r') ~. More care must be exercissé in agproximating

the phase of @ because of the oscillatory bekavior of the complex

exponential. Expanding ir'-r! to ter=s of sscond orde

£i:na

A& Saina

where r'=r'/r' is a unit vector in the direction of =*.

4]
Poos
o
4
L]

¥
B

e ez, -5l .
=t = Irter 4 5= - == (A.53
e -

{A.2}), we can clearly neglect the guadratic
wrw B

terms in {A.4) and use the first two terms in approximating tne

values of r'. This "linear™ representation

hase of ¥ is jast the Fraunhofer appreximation used in

s 2 N . . 2 +
of this report. If BD7/2r' is not s=2all coompared to 3,
<

n {A.4) cannol be ignorsd, and we arrive at

he following asymptotic representation for ¥:

22 - {2";':*2] (2.53
e L2X' T 2ZmT e=s

- -
-3 T e
emik{r’-r)

5} is the asymtotic representation of the Green's

Fresnsl zone of the scattersr. It shpnsisS be
- - \a

in deriving Egquation {a.3}, we have assuzed that
Green's function can be corately repressanted by
to tersms of only second orger in r. That is to
assumed that zli higher orgder terms are small

cozpared to 2 wavelength.

wnan the asy=plo

tic expression for ¥ given in Sguation (X.5}

expressisas for the

S 0 e o it
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In Bjcations {A.6) and (A.7), S, denotes the side cf the surface of
the scatterer 4i tiy exposed to the incident radiation, ¥ is
the incident magretic field on S and nn is che unit inward normal

-_
0 S{_ at r.

Iii. LOCALIZER SIGHAL SCATEERING BY A PLaT, VERTICAL
IN THE FRESNEL APPROXIMATION

In Section 2.5 the proble= of localizer signal scatlering by
a flat, vertical wa:il was anaivzed gsing the Fraunhofer agproxi-
=atice. This sane problex will 2pw be treated m=sing the Fresnel

eguations (A.8) ané {2.7). The gesuetry of the problem is illos-
trated in Fizure .S,

It wac shown in Scotion 2.5 that the total incident magnstic
fiels B, (direct plus cround refiected) at an observation poiat
{x,v.2} in tha far field of a horizontally polarized lccalizer

ntenna icocatas at {8,0,5) oonlf Be representsd as follows:

- 1 ix 25%E/D_
: =-ez(§)=/2£§{§}§;_f : '

oA 49)
T
i
1]
M
lmm‘
.
-
W
‘
D
oo

i \ (3
where
i 2 2 2 «ma
B = fgx + 5y + {=-E} . {RA_1i33
] g 3 = -
B, = §= *¥ . {n.31}
E
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z-axis which is perpendicelar teo the perfectly conducting. flat
ground plane {the x-y plane). Eguation (A.9) accurately describes
E_ at observation points with small elevation angles (2/D_<<1).

As in Saction 2.3, we wiil use the midpoint of the base of the
w211l &s an origin of coordinates for the surface integrals in (3.
and {3.7). Tbke coorzdinates of this point wiil be deroted by
{=;r¥;.0). The ziz=ath angle of (xi,g}i,m 111 be dencred by =
v = tegz-i{;;i;xi}}. ®e again assume, as in Section 2.0, that

is zuch greater than the length, L, of the wall, so that £{(:) can

be replaced by £{%} and B_ by D_, in {A.9) for 2il points on the

£
m.
z
4
&
g
:

=g g -l

O = ﬁ} + r s {2.12)

- - - - b - - -
whnye X, = X8 ¥ yv.&8_ - Es nE ¥ is 2 vector in the piane of the
1 iTx Sivv z *
wz2il drawn Ifrom the point ixl.’fg,a) to the point P.  Assu=ing that
B, = 2 + -‘:2 + .."2

i 1 3

e - 2
I T -1
- : - - S
N O~ ?.1 + =y *x T 5= - 2% Fl {-"%-1;)

where X}, = R /R,. In Scction 2.3, the cuadratic path length dif-
1
ferance terms in {3.14) were negliected {cf. T3.(2.85)). For ¢

-

present analysis, these terms will be retained for the sake cof

consistency, since the terms of secong order in r in the series

L]

2
expansion of The Green's function ¥ are being retzined {cf. Eg.

2
A
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The vector r from (xl,yl.ﬂ) to the poiat P on the wall can be
represented as follows:

T=nn+ze (a.15)

where n is a unit vector in the plane of the wall and parzllel to
the ground (Fig. 2.5) and n is variable ranging from -L/2 to +L/2.
The variable z is just the elevation of the point P above the
cground and varies from 0 to h where h is the height of the wall.
In Section 2.5, the fcllowing approximate expression for the dot

product (ﬁ1°;) was derived:

R - = n cos {8+¥) - g*’— . (A.16)
rl

where @ is the angle between n and the x-axis (Fig. 2.5). Sub-
stituting (A.16) into (A.14) and approximating R, "' by D_,~* in
the last two terms of (A.l4), we obtain the following approximate
expressicn for the distance R from the localizer to any point P

on the wall:

2 2
R=R, +ncos (049) - 30—+ Jo—sin®tes9) + 2—, @7
Pl Pl Pl

where terms of order {Dpl)-z and higher have been fropped. Sub-
stituting Equation (A.17) for R into the complex exponential i
Equaticn (A.9) and replacing the factor R+ by Rl-l, we finall
obtain the following approxinmate expression for ki at a point P on
the surface of the wall:

172 1 roamy .

= .o~ g ] ; s+ -

B. =2ie (= E_£( & ikM cosiEHd) ;) k2B
1 T\ ] Rl i)a,

. . 2 . 2
u:[sz sin“{a+3} + 2°|/2p
. 3 7pl . 1m
e hd - {3\-55}

Let {xz.yi,zzl denote the coordinates of tha receciver. The
- . < - 5
vector r' fron the base of the wall to the receiver is given by

-b‘ - -~ . s a - -
r (xz xl)ex + (32 ’1) ey +z,e . x.19}

(]

T |-

Let Rz denote r°*

sl ) O
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- e 12 Y 2
R2 = J(xz xl) + (YZ Yl) + 22 . (A.ZO)
The horizontal distance from (xl,yl,O) to the receiver will be de-

3 .
noteZ hy Dp2 :

_ N2 _ 2
Dp2 = (xzaxl) + (y2 yl) . (A.21)

Assuming small elevation angles (Dp2>>zz), it was shown in Section
2.5 that the dot product £'.T could be represented approximately

as follows:
z z,
1
Dp2

r'°¥ = n cos (y-8) + (A.22)
where y is the angle between the projection of r' onto the ground
plane and the x-axis (cf£.Fig. 2.5). Substituting (A.22) into
Equation {A.d), which defines the phase function &(T',T) appearing
in (A.6) and (A.7), we obtain the following approximate expression
for ¢:

>, z2 2 n2 2 22
¢6(r',r) < n cos{y-9) + ~ 35— sin” (y-6) ~ s , {A.23)
’ Dp2 DDZ 2DpZ

1 1

where (r') — = Rz_l has been approximated by Dp; in the second
and third terms of (A.8) and terms of order DpEZ and higher have

been neglected.

Equataions (A.18) and (A.23) for ﬁi and ¢(T',T) can now be
substituted into Equation (A.6) and (A.7) and the integrals
evaluated. As in Section 2.5, the range of the z integration is
taken tc ke - h <z <+ h in order to account for the image of the
wall in the ground plane. The results of these integrations for
the magnitude of the scattered electric field at the receiver is

given below:

1k(Rl+R2)

2ik e .
E T e— N e —————— LY.
S = E_ £ Rle sin{y-0) I112 ’ (A.24)

bty P s 0
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where

oy 2 1 1
h iz kzzz ikz (ﬁ_l- + ?._D-_z—) » (A.25)
Il=/ sinl-)—— sin 5 e P P/ a2 R
pl p2
o
and
2|sin®(e+y) |, sin®(y-%)
+L/2 ikn 5 ¥) 4 o Y-r
3 1 - {~ -

12 - elkn[cos(6+b) cos{y 9)] e prl p2 an

-L/2
(A.26)

Unfortunately, the integrals I1 and 12 cannot be evaluated in closed
form. However, they can be evaluated numerically using series
representations for the complex Fresnel function F(x).:

i-;-tz
F(x) s/ e at ) (.27}

IV. CCHMPARISONS OF THE FRAUNHOFER AND FRESNEL FORMULATIONS

In the Fraunhofer approximation used in Section 2.5, the
integrals Il and I, defined by Equations (A.25) and (A.26) assume
the following simple forms:

h
kz.,z
I]'_ =/ sin ,'%H—z-:l sin [D 2 ]dz R (A.28)
o t pl p2
+L/2 .
Ié - elkn[COS(e'*'f,!J) - COS(Y—G)]dn (A.29)
=1./2

Of course the integrals appearing in Equations (A.28]) and (A.29)
can be explicitly evaluated and, in fact, are proportional to the
sinc functions appeacing in Fquation (2.84) which gives the
scattered electric Field Es in the Fraunhofer zone of the wall.
However, for purposes of comparison, Ii and Ii will be left in
integral form.
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It is obvious that the "Fraunhcier” integrals I and I
1 and I, by
and 12

1

obtained from the corresponding "Fresnel" integrals I
The Fraunhofer approxi-

suppressing the complex exponentials in the integrals of I
, réspectively.

o2

which depend upon zz and
mation is thus seen to be based upon the assumption that the
following inequalities hold true for all receiver points:
A=kh? [s5—+ sm—)<<1 , (2.30)
2D 2D
pl 2
(A.31)

sinz(Y-e)

kL2 [sin2(8+$) + } « 1
2D *
p2

B =
4 L ZDp1
The validity of the Fraunhofer approximation as summarized in the

inequalities (A.30) and (A.31) will now be examined.
In practice, the inequalitily (A 31) is generally satisfied,
since our computer programs automatically segment walls into sub-
The scattered field at

sections no more than 50 feet in length.
the receiver produced by each subsection is calculated using
either Equation (2.84) or (A.24). These partial fields are then
summed to give the total field at the receiver due to the entire
This segmenting procedure is necessary to ensure the
validity of our assumption that f(¢), the horizontal antenna

wall.
pattern of the localizer, does not vary significantly as n ranges
To get some idea

from -L/2 < n < +L/2 and that £(2) can be approximated very

accurately by f(¥) for all points on the wall.
of the magnitude of the parameter B appearing in {(A.31), consider

the following set of typical parameters:

D = 4000 £t
pl
D = 4000 ft
p2
L =50 £t
1

2z/% = .706 (ft)

k =
corresponds to a localizer wavelength
{(woxrst case), we

The value of k listed above
Setting (84} and (y-8) egqual to 920°
Consequently, the approximation B << 1 inherent

of 8.9 ft.
find that B = .11.
in the Fraunhofer approximation is reasonably good, and, conse-
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quently, differences betweenn the integrals 12 (A.26) and Ié (A.29)
will generally be negligible in most cases of interest.

On the other hand, the inequality (A.30) involving the para-
meter A is often violated for tall walls, Consider, for example,
the case of a wall 100 feet high (h=100 ft). Using the same
values for Dol' Dnz' and k that were used in the previous simple
calculation of the parameter B, we find that A = 1.77. Conse-
quently, since the Fraunhofer approximation is only valid if A<<1,
we can expect to see significant differences between thLe values of
I1 and Ii and, hence, between the values of the scattered fields
predicted by the Fraunhofer and Fresnel models when very tall
scatterers are involved.

Specifically, we can certainly expect to see phase differences
between the scattered fields predicted by the two models, since 1,
is complex and Ii is real. Furthermore, the intensities of the
scattered fields predicted by the two models will differ, since
the magnitude of tl(flll) will generally be less than the magnitude
of Ii(!Iil). To demonstrate this fact, we first define the fol-

lowing two functions:

3. kz.z
£(z) = sin |52 sin 5 2} , (A.32)
pl p2
2
glz) = [+ 5 . (A.33)
Pl P2

In terms of £ and g; I, and Ii can be written as follows:

h

Il =-/r f(z) elg{Z) éz s {A.34)
h

Ii =/ £(z) az . {A.35)
(s}

Cleariy, lIlf must satisfy the foilowing inequality:

h

BN g/ I£(2)] dz (A.36)
(o]

A-S
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For the smail angles of elevation which w2 have assumed

(H/Dpl <<1, 22/Dpz << 1), the function f£(z) will generally be
non-negative for all z in the range o < z < h even for relativeliv
large values of h. That is to say., in most cases of intersst,
l£{(z){ = £(2) (o<z<h). Under this assuription, the ineguality
{(A.36) becomes

h
i1, 5/ £.2)dz = I} = izii {(A.37)
(o]
As a coasequence of the inequality (A.37) we can conclude that, in
most cases of interest, the intensity of the scattered field pre-
dicted by the Fr-snel model is generalliy less than the intensity
predicted by the Fraunhofer model.

7

Figures A.1, A.2, and A.3 show comparative plots of DDM in

»

microamps, as predicted by the Fraunhofer and Fresnel scattering
models. The scattersrs involved are f£lat, vertical walls 50 feet
wide and 25, 50, and 100 feet in height respectively. The walls
are oriented parallel to the centerline of the runway. The air-
craft is assumed to be flying at a constant altitude of 50 feet
down the centerline of the runway, sc that in the zbsence cf
scatterers the DDM would be identically 0. The abscissa in each
figure represents distance from the localizer in feet. 1In each
graph, the dashed line represents the predictions cf the Fresnel
model, while the solid line represents the predictions of the

fraunhofer modeli.

Referring to Fig. A.1, we note that, for a wzall only 25 feet
hich, there is very little difference between ine predictions of
the two modeis. This was to be expecrted, since for small heights,
the parameter A Sefined in Egozricn 18.307 is lireily o he small
compared with unity, and, conseguently, the predictions of the E
Fresnel and Fraunhofer mcdels should be nearly identical. :

Referring to Figure A.2, we see that there are slight differ-
ences in both phase and amplitude between the predictions of the
two models for a wall 50 feet in height. :
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Finally, in Fiqure A.3, we note major differences in both
amplitude and phase between the two models for a wall 100 feet in
height. The Fraunhofer model predicts DDM magnitudes which are
nearly twice the corresponding values predicted by the Fresnel
model over portions of the flight path. ULifferences in the posi-
tions of DDM maxima of up to two hundred feet can also be observed.
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APPENDIX B
FROM A VERTICAL TRIALBLE, NEW FOS

We use the cuwrent distribution metfhni to
scatter2d field for an

far field is (with ground reflections in-

szizII

fé £ fere”m‘m (Dsin(nd

For a right triangie with tke
ground and the vertex to the left the integration,
gf is freom= 0 to Bn/B £ b/2,
following resuit

and & is from -Bf2 to #8/2.
is obtained {Figuore B.1):*

BoR;

—I——[ei(?"”)h! 2 siwc[ (aB+c im0 ::)]

lazxi) coss

-

1
inc g{as—:: {=+n}kh}

.

*Note that the angles y and 8 defined in Tigure B.1I and
for conveajence cs:res::ard to the angles 5/2- {&+3} ang
respectively, used in Section 2.5 and 2 6 of this :esa..i..

calculate the

ccnductive triangular surface.
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APPENDIX C
MULTIPLE SCATTERING FROM VERTICAL RECTANGULAR WALLS, NEW FORMULATION

i In this appendix we treat the multiple scattering of electro-

% magnetic waves from a set of two vertical rectangular walls where f
infinite conductivity is assumed. In the double reflection study

given by I.B.M.4 only the reflected field was used in their Egqua-

antll A AL

ticn (2.3). For reflection from a reflecting rectangular wall,

the current distribution method yields the same result as given by
I.B.M. if the total field is used instead of the reflected field
and if the second line integral in the right side of their Equation
(2.3) is included. Tn the following calculation the current dis-
tribution method is used to obtain the new equations for double
reflection.

R

1 e RS 0 1 Y W 1 0

The electric field at a point on the second wall is given by
(Fig. C.1)*

. kL1h1Eof (V) . .
Ep = 1 ———;Ezgz——— exp[}k(R1+Dp20+n251nyzq

o

. |kL1 . ,
+ cosRy |sinc —E_(SlnYl‘SlnBl)

g 0 o o e s oo 0 Ot 5 DT OGS

v R LA 36 0

. H z H z
* {sinc khl[f" - —2]] = sinc{khil— + —3] (C.1)
Dpl  Rzj Dpl1  R2

e vl

where sinc(x) = sinx/x and where k = 21/A.

At the second wall the incident magnetic field is given by

i
4
LS g e o, o o

ﬁp Z Je/v Ep(_ﬁ) (C.2)

and the surface current on the wall is given oy F

il

*Note that the angles yj and B, defined in Ficure C.l and used here
for convenience correspond to the angles wn/2 - (6+y) and ;
n/2 - (y-6), respectively, used in Sections 2.: and 2.6. ) ?

c-1
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where n, is the outward normal from the scattering surface.

e

At the receiver the scattered field from the seccnd wall is
given by

i e e i

UL O

- iwp exp[ikR3] ~ + A
E = - - -
s = 4x T R3 ls3xl_R3xf Jaexp|-ik (9+R3)| anzdz2 (©.4)

Faxt)

(SECOND WALL)

b o o gt o bl oty i 14 bt g

i Figure C.2. Scattering from the Second Wall
;g where p* ﬁg = nzsinB2 + 22(23/R3). {C.3
% Denoting the integral in Eguation C.4 by I,
f ~ i +
I = 2/ #,ikllnl Eof(w)exptlk(ﬁl Dp20}]) 1,1, (C.6)
T RIDPZO

O

H“w‘w
b

O
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where (with ground reflection includeqd)

h

1, 2 -2if° sinfk Ry) | {sinc (khy [ - 22
1 = -2i sintkz;(z3/R3) J{sinc (kh;y Y L (c.7)
4 pl p2
- sinc(khy | + 22 |) L4z,
Dpl Dpz
and where
_ 1'2/2 . . . . . kLif . PR a
Iz ..f exp 1kn2 siny,-sing, )-csBlsnxc —3 \SinYl-sins1pidny
=L,/2

. L . .
= cosBlosinc [k—g—"‘: (sin*{l-sins 10)] Losinc [Egk(snwz-s 1n82)] (C.8)

i

The scattered electric field at the receiver from the second wall

is then given by

- + sk exp (ik [R1+Dpog+R3] )
£ - jR.xk ~slai i = 4—c
Es 153™ 72 1ighyBof (¥ R1Dp20R3 os82

g " I
il LA i d'nilﬂ‘ plt

L fLL . .
. cosamsinc[;-k(si :'gz-sinsz)] sincb-k(sxnyl-—s;nﬁla)]

sin(ac)| Sth2 sin(a+Bix C+h2 sin(A-B)x
n(AC) _(A < <

=L

=

. x _ b4
C h2 C h2
, cos(ac) C+h2 ops (A+B)X ax C+h2 cos(a-B)x x (C.9)
—_— —_—dx- —_—
2B x _ x
C-h, C-hy J
where _
E khy _ kk DyogH
=3 A= k23/R3, 8 = — = .._l-' C = _ﬂ_ (C.10) é
5 p2 Dp2o Dp1 3
—i and where
3 3 7 5
-[51n a;_:_dx = ax - fax) . {ax) - . (c.11)
x 3-3¢ 55!
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and
COs ax (ax) 2 (ax)4
= - - . (C.12)
~/:__§__dx log(ax) 7733 o

Combinations of reflections from walls with the lower edge

flush against the ground plane can be used to compute the reflec-
ticn from walls whose lower edges are at a height above the ground
plane. The following figures show schematically such a procedure.

TO COMPUTE: ‘s@-@-@oG)

y Y TR
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Figure C.3. Elevated Structures
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Z SYMBOLS :
é Rl from antenna to reference point on ground plane at 1lst wall. %
%é Dpl from foot of antenna to reference point at lst wali.

E’ £(¥) antenna gain factor.
if hl height of 1st wall.

ig L, width of 1lst wall.

;é Yy angle of incidence at lst wail.

éﬁ Sl look angle from reference point on lst wall to element of

integra. on on 2nd wall.

f

T

" L . 1
%m\M\Wm\;uw‘wwnummu\l‘.t‘}‘uwn\wﬂﬂiu\kw.mmnunhw‘M\H:HMdmm‘\uwuuuw«mwhwwwwwu it it A b s




TPRATAPD 7P

° look angle from reference pcint on lst wall to rzference
point on 2nd wall.

normal vector at lst wall.

vector from reference point on lst wall to element of inte-
gration on 2nd wall.

e PR
h}tﬂ o3
[

p20 reference point on lst wall to reference noint on 2nd wall.

Dpz reference point on lst wall to foot of element of integration
on 2nd wall.

width of 2nd wall.

Ly

hz height of 2nd wall.

ﬁz normal vector at 2nd wall.

k unit vector normal to ground plane.
k 27 divided by wavelength.

2 unit vector along horizontal direction tangent to wall surface
at 2nd wall.

TR AR
3

E vector from reference point on 2nd wall to the element of
= integration
‘§ Y, angle of incidence at 2nd wall.

8, look angle from 2nd wall to receiver.

o hd

3y vector from reference point on 2nd wall to aircraft receiver.
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APPENDIX D
DERIVATION OF GAIN VECTOR FOR SMALL CIRCULAR LOOP RECEIVING ANTENNA

We consider a linearly polarized plane wave given by
E = Eoe i(k-T-wt) incident on a perfectly conducting circular loop
of radius a which is connected to a receiver input impedance 2

L
(Fig. D.l). The current generated in the load impedance ZL can be
written as
I=V/(2y + Za)., (D.1)

where za is the antenna radiation impedance and V is the net
electromotive force (E.M.F. developed in the loop by the incident

field). The E.M.F. is given by the following development of the
basic line integral of E around the ioop:

v=f§ . d1
.Lfdh A - ¥xE

iB, - (xk) ffr ar a0 7T (D.2)

L

Here the vector r lies in the plane of the loop and is perpendicu-
lar to the unit vector n. We may replace the scalar product in
the exponential by

- -> - ~
k * r = k r sing coss

with the result that the integial reduces to8

-

a H ing cos$
{rdrf d¢e2kr51n cos%

-

= 2z fr ar J_(krsin?)

= 27a% 3, (ka sin6)/(ka sin2)

= aaz {D.3)

The latter approximation is valid whenever a<<i/2w. Using this
resalt we find that the current delivered to the receiver can be
expressed as

nnenhg
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(D.4)

Thus the gain-polarization vector of Equation (D.1l) takes the form

3(2) =C.n x k

E TRANSMISSION LINE
° MATCHED TO Z

;7/\\
3]

23,

Figure D.1. Illustration of Circular Loop
Receiving Antenna Problem

This vector selects the component of E normal to the vertical

plane of incidence and applies a factor of siné.

(D.5)
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APPENDIX E
PROGRAMMING ASPECTS OF THE ILS HMODEL

I. INTRODUCTION

The complete simulation cf apparent CDI for a large group of
ground structures is accomplished by using a seguence of programs.
First, the DATGEN set of routines., written for a time-sharing
PDP-10 computer, are employed to set up descriptions of antenna

patterns, receiver trajectories, scatterer geometry, etc. in the

correct formats for input into the ILS-0-E program.

The ILS-0-E program is the basic simulation program, which
can be used to calculate static or dynamic CDI along specified

receiver trajectories for a variety of antenna and scatterer con-

ditions. The cutput of this program is usually a formatted listing

on tare of CDI versus distance.

If the static CDI has been generated, the dvnamic CDI may be
obtained with program ILSDY¥ without further recourse to ILS-O-E.
The CDI data are then usually input to the ILSPLOT program for

final presentation in graphical form. The ILS-0-E progranm is a

complete operational unit in itself, and its use is detailed below
in terms of the input data specifications. However, we do note
that since the ILS analysis program and the ILS computer program
are presently under development, the ILS-0-Z computer program is
considered an interim and preliminary, though fully-operational
model.

IXI. DESCRIFTION OF DATA GENERATION PROGRAMS FOR ILS-0O-E

A series of programs have been written on the PDP-1) to

generate input data for the ILS pregram. The first of these pro-

rams is STRUGN. This is a Structure Generator. It takes section
g

descriptions in free field format and produces a list in the proper

format for input to ILS. The sections may be described singly or

as polygons or as sections of circles. In the latter case, the
arcs will be approximated by a specified number of choxds. Any

number of sets of sections may be given. Each set is considerad

a structure and is delimited and numbered in the output list.
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The output of STRUGK {or a combination of the cutsut of

iel

O"
.

several rurs) is used as the input to FLDGEN. This is the
Generation Progran. FLDGEX reads in each structure in an input
list. It then types out the number cf the structure and accepts
from the teletype, input, specifying the lccations and orientatiocns
of the structure. Each structure may appear any number of times

on the fielé or may be cmitted completely.

This field cescription is used as the input t¢ LOCAT. LOCAT
takes the field and arbitrary antenna location angé orientation and
deternines where the sections are £ro= the antenna. For each sec<
tion, LOCAT examines the relative angle of the line of sight and
the normal to the section to decide if the section face will receive
any incident field from the antenna. It then outputs a list of the
sections making up the field. If a section is not illuminated, a
flag is set in the ocutput to indicate this. As LOTAT can be run
with the same field data and different antenna locations, prepar-
ing data for an airport with multiple antenna lcocations is simpli-
fied.

For simpie cases, the output of LOCAT can be used as is, but
for involved airports, there is a problem of shadowing. A structure
section may be facing the antenna location but not have an incident
field, because another structure blocks it. To determine if this
is the case, a series of programs (SORT 1, SORT 2, SORT 3, PRUNE),
have been written. These programs take the cutput fro= LOCAT and
find out which, if any, sections are shadowed and Create a new 1ist

with flags to indicate the hidden sections. The £inal program in
the series eliminates those that are flagged as shadowed, as well

as those flagged by LOCAT. This resulits not only in an increase
in accuracy of the ILS, but, as the hidden sections do not need to
have their scattered fields computed, alsc in a substantial savings
in time.

To simplify verification of the input data used in the pro-
grams, a plotting program was written. This takes the ocutput from
FLDGEN, STRUGN, LOCAT, PRUN or input cards for the 7094 and draws
the sections in their proper locations and orientations. The scale
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is variable for conveniernce in cozparing to blueprints, ficerplans,
etc., and hidden sections =ay be indicated by dotted iIines, if
needed.
Iii. DINPUT DATA FCR ILS-G-E

The f£irst input card is the cooputation =ode card. t has

the following format:

Col. Sy=bol Contents
i-2 ¥oce 1 (¥-Rinc
2 {8 Loop)
3 (waveguide iccaiizer)

{S%ot used at present)
{Single measured localizer pattern)

oy

oW

{M¥easured captuce effect Iccalizer

pattera)
3-4 iDFC 0 (fraunhofer aporoxizatioan}
i {Internal switch for Fraunhofer/

Fresnsl)
11-20 FRO Frequency, MHZ
21-30 TEEIGS Glide siope angle, Deg.
31-40 XTH Distance from loc. antenna %o threshold
4i-50 Slope Inciination of runway at threshold, dec.
51-60 ZAa (1)
61-70 Za (2) Antenna elezsnt heights, ft.

71-80 Za (3)

- The =cde selects the type of antenna pattsrn used for the
sizmulation. For a single frecuency syste=, a theorectical pattern
{(V-Ring, 8-icop, Waveguide) or a measured pattern may be used,

Two patterns are usad for a dual freguency synce=, such as the
Alford capture effect system. The clearance pattern is chosen
first. This is done by using a negative value for the =ode nuzmber.
if a measured pattern is desired for the clearance, a =ode of 6 is
used. After the clearance pattern is set, the course pattern is
chosen. The IDFC switch is used to force the simulation to use
the Fraunhofer approximation ..f desired; otherwise, the Fresnel
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approximaticon will be =

vertical anglies to regnirs it.

If an anfenpa patterm is fo De read in, the folicwing fommat

DRI i

is used:
= Col. Contents
= 1-i9 Anzie of the measurement in degress
1ii-20 Composite sidsbansd pattern @s mezsores
21-39 Commosite carrier sattars as measured

é,
;

= The angies m=ust be beiween pics and mirmcg 120 decrees and im
réer. XA maxime= of fifty T=asorements Iis allicwed.
5o

I
X

less than Fifty are recuired, the last meascremsnt shonid

e

follcwes by an angie in excess of 368 Ssgress.

! The next card ic the course width card i the following format:
Col. Symbol Contents
5 1-10 = (1) Distance along runway centerline fo
i-26 Ixx {2) Distance alons runway centeriise o
cisarance arzay
5 21-39 {Xot Used} |

= 31~30 oW Course width

E 41-30 f¥ot Uses}

= _ 51-60 Cis Relative clearance signal strength :

|
iy

If a2 course width of greater than three Jegress is reacd in
s

£ a width of less than three degrees
E 3

M

{
i
'
[
0
¥
B
L]
8
8
,\

f
§
m‘

i)

by ! v‘\ i
8
]
g
o
5
-t
g
4
§
rr
n

Spacing between receiver ooints
31-40 PHIR Angle of apprcact
41-50 PSIR Glide path angle

tn
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51-60 {¥uast be left blank)
51-78 P Eeight above glide path

71-38 {(®ast be left black)

If zmore :han 50C¢ receiver points are reguested, the preograsm

wiii increase DXR until rot more thae 500 will e noeedes. The
zxmber of points is egual to XMAX minus XMIX divided by DXR. If

a ciearance rvn is gesired, the format of the card is as follows:

Col. Sy=bol Contents

i-i0 o ret) Initial angle

ii-2¢ MAXD Final angle

21-3¢ DX® Avngzlar increzent

3i-5¢ (t:st be Ieft blank)

51-€0 RC Radins of orbit ia feet:

§1-75 T Beight of orbit

74 Icr 1 {Switch to indicate orbit run}

The next card gives the veiocity of the aircraft in fesi per
secand {coim ii-2i). As a zero velccity wiil cause errsneous
resuits, the progra= sets a ninizmuyx velccity of ons foot per second.

The next series of cards descr+be the scattoring surfaces
Each surface is a single vertical o tilted fiat wail of infinize

conductivity,

I""'"l
=

3-8 = {1) X-Ccoréinate of center of basa
- 8-14 xw {2) Y-<ooarSinate of canter bhass

1s5-2 ® (3) Zero

21-24 Kone {81lank)

25 C Zerc

26-30 ALPHA Angie between base line and X-axi

W wicth of walil
61-70 'R Beight o
&

EBeicht o

wall f£roe= top to botzom

base above ground

My

W
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Any number of surfaces may be used, limited only by available
ccmputer time. Complex surfaces may be approximated by using sec-
tions as chords of arcs, etc. If sections excesding 50 feet in
width are used, they will be brcken up inte sections of less than
39-foot width by the program. Thus, no time will be savedé by using
aporoximating pieces wifer than 53 feet, and accuracy will suffer.
If an ID of -1 is used, the scattersd field Is subtracted from the
total field. Thus, if a wall is represented by one or more scat-
terers, a hole in that surface can be represented by 2 series of
scatterers with an ID of -1.

- -

After a series of scatterers is finished, a final ID is in-
serted. An ID of 10 wiil cause the direct ray ¢t
fielé surs=ation and a CDI tape tc be generated for
gra=. Then a new series of scatterers may be input. An ID of
1i-1I5 will cause a new receiver path tc be read in, allowing m=ulti-
vle runs in one batch. If the ID is less than 14, the plct program
will combine the runs into one gragh. This alicws flight paths
containing more than 500 points to be made. However,

recuire that all the scatterers be resulmitted for each portion o

ey

he flight path. On any one section cf the f£iight, the receiver
point spacinc sust be constant, but between parts of the flight
different spacings may be used. This will alliow scbstantial
savings in croputer time, 3s those areas with si

{such as near the outer marker ané bevond) will not reguire the

density of points that areas with rapid changes in CDI (such as

D of 20

a neow m=ode
card allowing the program= to start cover with a new antenna, flight

B
bt

At the end of a series of runs on a flight path,
=ay be used. This will cause the progras to read in
path, and scatterer set.

An ID of 0 will cause the direct ray to be calculated, thus
persitting CDI measurements of the undisturbed field. when this
ID is used, not only the CDI, but the magnitudes of the carrier
and sidebard fieids are output. This allows verif

-

antenna patterns ané comparison of thecrectical a

B,

measured results.,
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To terminate the program, an end-of-file card is inserted.
This will cause the program to output the CDI if an unfinished run
is in progress and then stop.
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